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TROUBLESHOOTING INK JET PRINTING OF COTTON SUBSTRATES 
USING A KNOWLEDGE-BASED EXPERT SYSTEM 
SUMMARY 
Ink jet printing is a non-contact printing technology and colorant drops are applied 
onto the substrate by means of jets. The technology is a rather new technology 
compared to the conventional printing techniques, such as rotary or flat screen 
printing. Thus, the solution of problems encountered at ink jet printing may need 
more expertise than conventional printing. However, the number of the experts is not 
as many as the in the conventional printing technologies. Also, there are various 
parameters encountered during production. There are researches, which study the 
effects of these parameters on products. In addition, introduction of new 
developments in this area also brings new problems to be solved.  
In recent years, newly developed software is employed in troubleshooting of 
problems encountered in textile production. Artificial intelligence applications stand 
out the software for troubleshooting. An artificial intelligence application, expert 
system is software that tries to solve the problems using similar approaches, which 
are applied by human experts depending on their own expertise at troubleshooting.  
In this study, it is aimed to develop an expert system for troubleshooting of faults 
encountered in ink jet printing of cotton substrates. The possible faults may be 
observed during ink jet printing, prior to printing, such as fabric production or 
preparation, and after printing, such as fixation. Hence, at the analysis and selection 
of the most encountered faults in ink jet printing, the processes, which start with 
cotton production and end at fixation, are examined. After the detailed review of the 
literature and interviews with the experts, thirteen symptoms are selected as the most 
encountered problems in ink jet printing of cotton substrates. In addition, sixty-one 
causes are suggested as the possible causes of thirteen symptoms. Fifteen experts are 
asked to match each symptoms with sixty-one causes by using a five point likert 
scale, including most likely, likely, not sure, least likely and not related. In addition, 
the knowledge acquired from the survey and literature is embodied to the system. A 
different approach is adopted for the inference of the system in order to solve the 
problems that are selected by the users of software. The system demonstrates a good 
performance with embodied inference engine, which starts to solve problem from the 
common cause in the case of multiple selection of the faults.  
Moreover, the system shows that, it can be used as a tool for troubleshooting of ink 
jet printing of the cotton substrates. In addition, it is also possible to use the system 
as a training tool for the people who are new at ink jet printing.   
 
 
 
 
 
 
 
 xx 
 
 
 xxi 
 
PAMUKLU KUMAŞLARIN İNK JET BASKISINDA BİLGİ TABANLI 
UZMAN SİSTEM KULLANARAK HATA BELİRLEME VE GİDERME 
ÖZET 
İnk jet baskı teknolojisi temassız baskı tekniğidir. Sıvı haldeki mürekkep elektronik 
devreler ve cihazlar vasıtasıyla kumaş üzerine püskürtülür ve böylece sadece 
mürekkep damlacıkları kumaş ile temas eder. Bu baskı teknolojisi üç temel 
bileşenden oluşmaktadır. Bunlar, baskı kafası, mürekkep ve basılan malzemedir. 
Kumaş besleme ve ilerletme sistemleri ile mürekkep besleme sistemleri de temel 
bileşen olarak kabul edilmektedir. Baskı kafası kesikli ve kesiksiz olmak üzere iki 
grupta incelenebilir. İnk jet baskıda dört temel renk kullanılmaktadır. Bunlar, cyan 
(C), magenta (M), sarı (Y), ve siyahtır (K). Bütün renkler, bu dört ana rengin kumaş 
üzerine püskürtülerek kumaş üzerinde elde edilmesiyle oluşturulur. Ancak, istenen 
rengi tutturabilmek amacıyla, turuncu, mavi, gri gibi ek renkler de sıklıkla 
kullanılmaktadır. İstenilen renkler, baskı işlemi sırasında elde edildiği için bu 4 ana 
renk (CMYK) ve yardımcı renklere proses renkler veya işlem renkleri adı 
verilmektedir. Geleneksel baskı yöntemlerinde ise, ink jet teknolojisinin tam tersine, 
istenilen rengin tonu, boya mutfaklarında, baskı öncesinde elde edilir. Daha sonra, 
ger renk şablonlar vasıtasıyla kumaş üzerine uygulanır. Bu nedenle, bu şekilde 
hazırlanana renklere spot renkler adı verilir. Filmdruck veya rotasyon gibi 
konvansiyonel baskı sistemlerinin tersine, dijital ortamda hazırlanan desenler, 
şablona gerek kalmaksızın ink jet teknolojisi ile basılır. Diğer taraftan, şablon baskı 
teknolojilerinin ortalama hızları yüksektir. 
Pamuğun ink jet baskısında kullanılan mürekkep çoğunlukla reaktif boya bazlı olup, 
pigment bazlı mürekkepler de kullanılmaktadır.  
İnk jet baskı teknolojisi, rotasyon baskı ve düz şablon baskı gibi diğer baskı 
tekniklerine nazaran daha yeni bir teknolojidir. Bu sebeple karşılaşılan problemlerin 
çözümleri, klasik baskı tekniklerine göre daha fazla uzmanlık gerektirir. Ancak, bu 
alanda çalışan uzman sayısı klasik baskıcılıkta çalışanlara nazaran azdır. Ayrıca, 
üretimi etkileyen çok çeşitli parametreler olup, bu parametrelerin ürüne olan 
etkilerini irdeleyen araştırmalar da mevcuttur. Bunların yanı sıra, bu alandaki yeni 
gelişmeler de çözülmesi gereken yeni problemleri de beraberinde getirmektedir. Son 
yıllarda yeni geliştirilen yazılımlar, tekstil üretimlerinde karşılaşılan problemlerin 
çözümünde kullanılmaya başlanmıştır. Bu yazılımlarda yapay zekâ uygulamaları öne 
çıkmaktadır. Yapay zekâ uygulamalarından birisi olan uzman sistemler, uzman 
kişilerin, kendi tecrübelerine dayanarak uyguladığı problem çözme yöntemlerine 
benzer yaklaşımlarla problemleri çözmeye çalışan bilgisayar yazılımlarıdır.  
Uzman olarak tanımlanan kişiler, bir konuya özel problemleri çözebilen kişilerdir. 
Bu becerileri tecrübelerinden ve uzmanlık alanlarındaki detaylı bilgi birikiminden 
kaynaklanmaktadır. Bilgisayar tabanlı uzman sistemler ise, uzman kişilerin bilgi 
birikimlerini ve problemleri çözme yöntemlerini taklit ederek problemleri 
çözmektedir. Uzman sistemler, temelde bir bilgisayar programı olup, uzman 
kişilerden elde edilen bilgi (kural tabanlı uzman sistemler) veya oluşturulan 
 xxii 
 
veritabanı sayesinde (vaka tabanlı uzman sistemler), geliştirildiği alanda, kullanıcıya 
tavsiyelerde bulunabilen veya alanıyla ilgili karar verebilen sistemlerdir  
Kural tabanlı uzman sistemlerde, bilgi sistem içerisinde çok iyi bir biçimde 
yapılandırılmıştır. Birden fazla bilgi arasındaki ilişki ortaya konularak kurallar 
oluşturulur. İlişkiler, şartlı önermelerle ortaya konmaktadır. Bu önermelerin genel 
şekli, IF (şart), THEN (eylem), UNLESS (istisna), ve BECAUSE (neden) olarak 
ifade edilebilir. AND (ve), OR (veya) gibi işlemcilerle daha fazla kurallar 
oluşturulabilir. Matematik formülleri ve algoritmalar da kurallara eklenebilir. Kural 
tabanlı uzman sistemler, Java, C veya C++ gibi konvansiyonel programlama dilleri 
ile oluşturulabildiği gibi, Lisp, Prolog gibi özel programlama dilleri ile de 
geliştirilebilir. Alternatif olarak, uzman sistem geliştirmek amacıyla oluşturulmuş 
programlama dilleri de kullanılabilir. Örneğin, CLIPS (C Language Integrated 
Production System) kural tabanlı bir dil olup bu çalışmada programlama dili olarak 
kullanılmıştır. Programlama dilinin ana çıkarımı gerçekler (FACTS) ve kurallar 
(RULES) üzerinden gerçekleşmektedir.  
Bir uzman sistemin temel bileşenleri, bilgi tabanı, çıkarım mekanizması, ajanda, 
kullanıcı ara yüzü, tavsiyeler ve kullanıcıdan oluşmaktadır.  
Tekstil endüstrisinde kullanılan hammadde çeşitliliğinin fazla olmasının yanında, 
pamuk gibi doğal liflerin yetiştiği bölge, toprak ve iklim şartlarının da pamuk 
kalitesini etkilemesiyle birlikte kalite problemleriyle karşılaşma kaçınılmazdır.  Bu 
tip problemleri çözme konusunda karşılaşılan ihtilaflı durumlarda başvurulacak 
uzman sayısının yeterli olmaması ve elde edilen sonuçların nesnelliğinin de tartışılır 
olması, çözüm konusunda bilgisayar desteğinden yararlanmayı beraberinde 
getirmiştir.  Bu tip çözümlerden biri olan uzman sistemler, ön terbiye, boya, baskı ve 
terbiye gibi tekstil alanındaki farklı disiplinleri bir araya getirerek, problem çözmede 
gerekli en iyi yolu sunabilmektedir. Uzman sistemler, tekstilin birçok alanında 
başarılı bir biçimde uygulanabilmiştir. 
Bu çalışmada, pamuklu kumaşların ink jet baskısında karşılaşılan hataların 
belirlenmesi ve çözülmesine yönelik uzman sistem geliştirilmesi amaçlanmıştır. 
Kumaş üzerindeki hatalar, baskı işlemlerinden kaynaklandığı gibi, baskı öncesi ve 
baskı sonrasında da karşılaşılabilmektedir. Örneğin, dokuma veya örme kumaş 
üretimi sırasında oluşan bir hata baskı işlemine kadar fark edilmediği takdirde 
baskıdan sonra kendini gösterebilecektir. Yine aynı şekilde, baskı sonrasında 
uygulanan fikse aşamasındaki bir problem son üründe hata olarak kendini 
gösterecektir. Bu sebeple, ink jet baskıda karşılaşılan hatalar belirlenirken, sadece 
baskı aşamasına değil, baskıya kadar olan süreçle baskı sonrasındaki işlemler de 
incelenmiştir. Bir başka deyişle, hata incelemeleri pamuktan başlanmış, sırasıyla 
iplik ve kumaş üretimi, ön terbiye işlemlerini de kapsayacak şekilde, baskı ve baskı 
sonrasındaki fikse işlemlerinde de gerçekleştirilmiştir. Bu incelemeler esnasında, 
literatür detaylı olarak taranmış, bununla birlikte baskıda uzman kişilerle de 
tartışılarak ink jet baskıda sık karşılaşılan on üç hata belirlenmiştir. Bunlar, kafa 
sürtmesi, renksiz bölge, yanlış renkli bölge mürekkep damlası(mürekkep lekesi), 
enine çizgilenme, çarpıklık, boya akması, desen kayması, kumaş sararması, düşük 
sürtme haslığı, düşük yıkama haslığı, renk şiddeti farklılığı/ton farklılığı, düşük 
keskinlik, beyaz veya solgun bölge olarak adlandırılmıştır. Daha sonra bu hataların 
nedeni olabilecek altmış bir adet sebep, detaylı literatür taraması ve yine uzman 
kişilerle yapılan görüşmeler sonunda belirlenmiştir. Bu hatalarla sebepler arasındaki 
ilişkiyi belirleyebilmek amacıyla uzmanlara sormak üzere anket hazırlanmıştır. 
Ankete katılan uzmanların her bir hata ile her bir sebebin ilişkisini beşli likert skalası 
kullanarak belirlemeleri istenmiştir. Büyük olasılıkla, olasılıkla, emin değilim, düşük 
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olasılıkla ve ilgili değil seçeneklerinden birisi kullanılarak ankete cevap verilmiştir. 
Ankete on beş uzman katılmıştır ve sonuç olarak on beş adet 61x13 boyutlarında 
sonuç matrisleri elde edilmiştir.  
Anket sonuçları değerlendirilirken, büyük olasılıkla, olasılıkla, emin değilim, düşük 
olasılıkla ve ilgili değil seçeneklerine sırasıyla 0.8, 0.6, 0.5, 0.4 ve 0.0001 sayıları 
verilmiş ve ankete katılan bütün uzmanların cevap sayıları dikkate alınarak her bir 
hata ve altmış bir sebep arasında sayısal bir ilişki kurulabilmesi amacıyla ağırlıklı 
ortalama değerleri hesaplanmıştır. Daha sonra bu değerlerin ortalaması alınarak bir 
ortalamalar matrisi elde edilmiştir. Bu matrisle ankete katılan uzmanların anket 
sonuçlarını içeren matris STRESS (standardized residual sum of squares) değerleri 
üzerinden karşılaştırılmıştır. Bu karşılaştırmanın ve anket değerlendirmesinin amacı, 
sistemin çıkarım motorunun bileşenlerinden biri olan FACT yani gerçeklere bir 
kesinlik değeri (certainty factors CF) veya diğer bir bileşen olan RULES yani 
kurallara öncelik değeri (SALIENCE) atayabilmedir. Bunu gerçekleştirebilmek için 
ankete katılanların ne kadar güvenle soruları cevapladığı anlaşılmaya çalışılmıştır. 
Bu şekilde, katılımcılara farklı ağırlık faktörü atamak mümkün olabilecektir. 
Örneğin, yüksek güvenirlik seviyesine sahip bir katılımcının ortalamayı etkileme 
faktörü de yüksek olacaktır.  
Ancak, yapılan değerlendirmeler sonucunda ankete katılan uzmanların ortak paydada 
buluşamadıkları anlaşılmıştır.  Bu sebeple, başka bir yöntem uygulanmıştır. Bu 
yönteme göre, elde edilen ağırlıklı ortalamalar dolayısıyla sebepler, her bir hata için 
büyükten küçüğe doğru sıralanmıştır. Bu değerlerin medyanı temel alınarak medyan 
değerinden küçük olan ağırlıklı ortalama değerleri, ilgili hata için sebep olarak 
dikkate alınmamıştır. Her bir hatanın olası sebepleri belirlendikten sonra sistemin 
veri tabanı buna göre oluşturulmuştur. Hatayı belirleme ve olası sebeplerini bulma 
aşamasında önemli rol oynayan soru-cevap fonksiyonunda gerekli soruların sorulma 
sırası, veri tabanını oluşturan kurallara atanan öncelik değerleri ile sağlanmıştır. Bu 
değerler ağırlıklı ortalamalardan elde edilmiş olup, çoklu hata seçimindeki ortak 
sebeplerin öncelik sırasının üst sıralara çıkmasını sağlayabilmek amacıyla ortak 
sebeplerin farklı hatalardan gelen farklı ağırlık ortalamaları toplanmıştır. Uzman 
sistem geliştirilirken ara yüzün sade ve kullanıcı dostu olmasına dikkat edilmiştir. 
Kullanıcıların birden fazla hata ile karşılaşabilme olasılıkları göz önüne alınarak hata 
seçiminde herhangi bir sınırlamaya gidilmemiştir. Ancak birden fazla hata seçiminde 
sistemin soracağı soru sayısı artacağından bir eşik öncelik değeri tanımlanması 
uygun görülmüştür. 
Sonuç olarak, sisteme entegre edilen çıkarım motorunun hataların sebeplerini ortak 
sebeplerden başlayarak belirlemesiyle iyi bir performans ortaya koymuştur. Ayrıca, 
sistem ink jet baskıda karşılaşılan problemlerin çözümünde iyi bir araç olarak 
kullanılabileceği gösterilmiştir. Bununla birlikte, yapılan anket değerlendirmeleri 
sonucunda, ankete katılan uzmanların ortak paydada da buluşamadığı ortaya 
çıkmıştır. Bu sebeple böyle bir sistemin geliştirilmesi hatalara objektif bir çözüm 
sunabilmesi açısından önemlidir. Ayrıca sistem, bu alanda yeni çalışmaya 
başlayanlar için iyi bir başvuru kaynağı ve eğitim aracı olarak da 
kullanılabilmektedir. Bundan sonraki aşamalarda, sistemin gerçek üretim hatalarıyla 
denemeleri yapılarak, uzman kişilerin hatayı çözerken ortaya koydukları yaklaşımla 
karşılaştırılmasının yapılması gerekmektedir. Bu şekilde, üretim esnasında daha 
efektif kullanılabilen bir başvuru kaynağı olarak da kullanılabilecektir.  
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1.  INTRODUCTION 
1.1 Introduction and Aim of the Study 
The textile coloration industry, like the other textile industries, deals with many 
parameters, which effects directly or indirectly the features of the products. Although 
the relationship between the products and the most parameters are identified, the 
introduction of the new technologies brings about new parameters. It is inevitable to 
avoid faults in such an industry having many parameters. In textile industry, 
troubleshooting is achieved mostly by human experts. However, physical conditions 
such as, age, sickness and the high costs of employment of human experts are main 
disadvantages. Thus, expert systems, which are the types of artificial intelligence, are 
developed in many textile areas and applied successfully [1-4].  
In this study, our aim was to develop an expert system for troubleshooting ink jet 
printing of cotton substrates. Thus, it was intended to minimize the costs and 
introduce a training tool for newly employed ink jet printers. In addition, ink jet 
printing is a new and still developing technology. Thus, it is still more expensive 
when it is compared to the conventional printing techniques. For this reason, another 
intention of this expert system was to supply solutions, which could be used  without 
printing more fabrics in order to investigate the faults, and thus the cost of ink, fabric 
and related materials were decreased. The system showed that, it was useful tool for 
troubleshooting and successful training program for the people who are new in the 
area of ink jet printing.  
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2.  APPLICATIONS OF ARTIFICIAL INTELLIGENCE IN THE TEXTILE 
INDUSTRY  
2.1 Artificial Intelligence 
According to the Merriam Webster online dictionary, Artificial Intelligence (AI) is a 
“branch of computer science dealing with the simulation of intelligent behavior in 
computers” and “the capability of a machine to imitate intelligent human behavior” 
[5]. In the middle of the 20th century, the accepted description of AI, which is still 
valid, was “making computers think like human” [6]. Thus, AI may be considered a 
branch of computer science that mimics the human intelligence and attempts to come 
up with the same results as an experienced human [7].  
On the other hand, to understand AI better, it is required to state what AI is not. For 
instance, AI neither does study nor generate conventional software. Despite the 
discussions about the intelligence level of conventional computer systems, AI 
programs are considered to present higher levels of intelligence. Moreover, even 
though AI has applications in the fields of human and social sciences, it does not 
study the mind, the body, or the languages. However, the aim of AI is to develop a 
computer system, which is capable of accomplishing high-level intelligence tasks 
[8].      
Although the history of AI may be dated back to prehistoric times’ mythologies, it 
would not be wrong to accept 1956 as the birth date of AI [7,8-10]. A summer 
workshop held at Dartmouth College, under the sponsorship of IBM was the official 
start of AI [11]. However, in 1950, by Alan Turing discussed the, intelligence of a 
machine [12]. Turing, also argued whether it was possible to mislead an observer 
into thinking that he/she was talking to a human during the interaction with both a 
computer program and a human via remote keyboard, in what is now known as the 
Turing Test. If the computer program succeeded in convincing the observer that it 
was a human, then it was considered to be a strong AI [6]. 
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Some of the application fields of AI are robotics, knowledge representation, storage 
and recall, learning models, inference systems, fuzzy systems, uncertainty in 
reasoning and decision-making, natural languages, speech recognition.  
2.2 Expert Systems  
Expert systems are one of the branches of AI. The most common definition of 
experts systems is a system that mimics the decision-making capability of a human 
expert who has wide knowledge or skills in a particular area [6]. Expert systems are 
computer software applications that are used to make decisions or give 
recommendations in a certain field of expertise, known as domains. The main aim of 
an expert system is to provide expertise to decision makers and technicians who need 
answers quickly [13]. Experts systems can be categorized as case-based and rule-
based.  
The rule-based expert systems are the most common type of expert systems. The 
Newell and Simon model of human problem solving established a base for the 
modern rule-based expert systems. In the Newell and Simon model called General 
Problem Solver, it was stated that the human cognition could be expressed in terms 
of IF – THEN rules [6]. The rule- based expert systems use IF-THEN rules for 
representation of the knowledge, which is, consist of theoretical knowledge, 
experiences, and some rules in order to solve some extraordinary situations [14]. The 
rules have the form of IF “the conditional statement”, THEN “the action to be 
taken”. More rules can be combined by several clauses such as, AND or OR [15,16].  
On the other hand, case-based systems, also known as case based reasoning (CBR), 
are developed depending on the previous cases, examples or experiences related to 
the domain. Compared to rule-based systems, the distinctive characteristic of a CBR 
is to apply the experiences prior to the new event. Moreover, the inductive 
characteristic of the CBR comes from the handling of analogy concepts rather than 
decision trees. The fundamental stages of a CBR can be listed briefly as:  
1-Recalling the previous cases which are similar to the current one 
2-Adaptation of the retrieved past cases to the current problem 
3-Application of the adapted solution and the evaluation of the results [17,18]. 
 5 
Both rule-based systems and CBR can be developed by using conventional software 
development languages, such as C, Java, or specific languages like Prolog or Lisp. 
The latter is developed especially for expert systems and is faster than the 
conventional languages. In addition to these languages, there are some expert system 
shells, which offer rapid development but less flexibility [15]. CLIPS (C Language 
Integrated Production System), Jess (Java Expert System Shell), d3web and Drools 
are examples of these development shells [19-22].  CLIPS, which is maintained as 
public domain software, is a productive development and delivery expert system tool 
and provides a complete environment for the construction of rule based expert 
systems. CLIPS was created in 1985 at Johnson Space Center of NASA. In 1986, 
version 3.0 of CLIPS was made available to users outside NASA. Version 6.2, 
developed for Windows XP and MacOS, was released in 2002 [19].  
The structure of an expert system is illustrated differently  by various authors; 
however, in general three main elements are given for an experts system, i.e.: 
knowledge-base, inference engine and working memory [6,14,23]. A typical 
structure of an expert system is shown in Figure 2.1 [6,14]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 : Typical schematic structure of an expert system [6,14]. 
Facts or other information are supplied to the system via user interface by the user in 
order to get expertise in response. The user interface is the communication unit of the 
system and could have different styles. Question – answer, menu driven or graphic 
interfaces are some of the examples of a user interface [6, 14].  Knowledge base 
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consists of the domain knowledge represented by rules. The facts, which are the 
reliable information related to the domain, are kept in the working memory. 
Inference engine interacts with the user interface, working memory and the 
knowledge base to decide which rules are satisfied by the facts, sorts the satisfied 
rules according to their priorities and executes the rules having the highest priority. It 
also includes the agenda where the satisfied rules are listed according to their 
priorities. The reasoning process is provided to the user by the explanation system. 
The knowledge-base editor is used to assist the development of the knowledge in the 
system. The system interface is used when external programs or information sources 
are used to feed the expert systems with related information [6,14,23]. 
2.2.1 Benefits and inadequacies of expert systems 
The benefits of expert systems can be discussed in two ways: 
-The advantages of experts systems over human experts, and 
-The advantages of expert systems over conventional systems. 
An expert system has several advantages over a human expert. These include: 
• Increased availability, output and productivity: The expert system can run in any 
suitable computer and work faster than a human expert works.  
• Quick response: Depending on the hardware and the software, in which an expert 
system is installed, the system may run and arrive at conclusions faster than a human 
expert does. The feature of increased availability also influences the time to get a 
decision. Since it may not be possible to reach a human expert anytime, an 
everlasting available system can readily solve the problem instead of a human expert.  
• Low cost: The cost of an expert system is lower than the cost of a human expert.  
• Working in dangerous situations: It is possible for an expert system to work in 
dangerous environments for human experts. 
• Durability and reliability: An expert system provides expertise whenever needed. In 
addition, expert system never gets bored, tired or become sick like a human expert, 
thus decisions are made more reliably. In addition, an expert system can increase the 
reliability of human expert responses by providing another opinion or confirming the 
opinion of human expert. 
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• Stability and consistency: Expert systems are not affected by emotions unlike 
human experts. Due to this feature, responses from expert systems are consistent. 
However, a human expert’s answers can vary due to emotional or psychological 
conditions under which they operate. 
• Providing explanation every time: An expert system can provide consistent 
explanations on how it arrives at conclusions, if required by users. However, a 
human expert cannot be expected to explain the reasoning that led them to a decision, 
due to fatigue or unwillingness. 
• Performance as a useful tutor: An expert system can be used to train novice users or 
as a training tool.  
• Improved problem solving: At the development stage of an expert system, more 
than one human expert’s expertise is incorporated in the system leading to an 
improved overall performance [6,7,23]. 
In most of the conventional systems, one sequential program includes information 
and processing together. However, in an expert system the processing, which is the 
inference mechanism, and the knowledge base are separate. In addition, an expert 
system has an explanation facility, whereas a conventional system often does not 
explain the approach taken to arrive at the conclusions. The other benefits over a 
conventional system are listed in Table 2.1 [7,23].  
On the other hand, expert systems have some limitations. For instance, an expert 
system may make mistakes during processing, while a conventional system does not 
[7]. Also, during the development of expert systems it is not always easy to reach the 
knowledge or to capture the expertise from humans. 
The other limitations and problems associated with expert systems can be listed as 
follows:  
- Expert systems may be more successful when designed for operation in a narrow 
domain. 
- The terminology used by the experts to explain the results, facts or the reasoning, 
can be hard to be understood, hence it can be difficult to integrate the expertise into 
the expert system. 
- The construction of an expert system can be costly and time consuming. 
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- The usefulness of an expert system depends on the nature and thoroughness of its 
knowledge base, thus if information is missing or incorrect, inadequate or wrong 
responses may be obtained. 
- The end users may resist expert systems due to lack of trust or the nature of 
interaction involving a machine. 
- It is not always possible for expert systems to solve the problems. 
Table 2.1 : Comparison of expert systems against conventional systems [7,23]. 
Expert System Conventional System 
Knowledge base and inference 
are separated 
Information and inference are combined in a 
sequential program 
Explanation of reasoning No explanation 
System can run with a few rules System can run after the completion of coding  
Heuristic and logic execution  Step-by-step execution 
 Dealing with uncertainty  Need complete information 
Knowledge representation Data representation  
Dealing with qualitative data Dealing with quantitative data 
Focus on problem Focus on solution 
Iterative development Sequential development 
- The adaptation ability of the expert systems to variable environments is limited. 
- Depending on the structural features of an expert system, learning by experiences 
can be limited [6,7,15,23, 24]. 
Most of the inadequacies mentioned above are expected to diminish as the 
technology improves in the future [7]. Regardless of the limitations or the 
inadequacies, the expert systems are still widely used as a tool in prediction, 
diagnosis, debugging and similar areas in which they proved their success.    
2.2.2 The application of expert systems in the textile industry 
Expert systems have been applied successfully in many textile applications including 
product design, production, quality control, fabric inspection and troubleshooting. In 
ITMA-87 (International Textile Machinery Association) and ATME-I 88 (American 
Textile Machinery Exhibition International) some examples of expert systems were 
demonstrated. Texpert, which was developed by the collaboration of a textile 
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machinery vendor and The Institute of Textile Technology (ITT), is able to detect the 
excessive warp and filling stops, quality problems, as well as mechanical and 
electrical breakdowns. In addition, these systems were developed to provide the 
corrective action to be taken [25]. Realtex PAT, an expert system, which was 
developed by a textile machinery vendor for weaving machines, is a combination of 
a real time monitoring system and an expert system [26]. It is claimed that this 
system suggests corrective actions to the user or the technician and sends signals to 
the related machine controller to set machine adjustments. The system is fed with the 
data from the weaving machine, such as weft insertion timing, air nozzle timing, air 
pressure of the machine and the fault code input by the technician. These data are 
used to determine the reasons of the occurrence of faults and then suggesting 
corrective actions. The corrective actions are also  controlled by the system in order 
to provide feedback and ascertain whether the actions taken were useful. The expert 
system thus adjusts the machine to its original settings, unless the actions to be taken 
are correct [15,25].  
An expert system to trace the possible causes of faulty fabrics was applied to fabric 
inspection process [27]. In this system, in addition to a basic structure including a 
user interface, inference engine and knowledge base, a diagnosis system was 
incorporated based on the fuzzy set theory. This system was based on Turbo C  and 
PROLOG, which is an artificial intelligence language [27]. Another applied expert 
system in textile production is WOFAX, which is a worsted fabric expert system 
[28]. The system utilized a neural network model to predict fabric properties based 
on fiber, yarn and fabric constructional parameters [29]. 
An expert system for polyester exhaust dyeing was developed by a group of 
researchers [30]. This system aimed to combine practical experience and the 
academic theory to assist manufacturing and provide information to the technicians. 
More recently, an expert system was developed to troubleshoot the dyeing of 
cellulosic substrates [31]. The design, development and evaluation of the system 
were explained and the methodologies for the construction of the expert system were 
also discussed [32]. The system, based on FuzzywxCLIPS, was developed at Heriot-
Watt University consisting of 4786 rules. The system was able to solve 
approximately 132 faults encountered in pretreatment and dyeing of cellulosic fibers 
in yarn, woven or knitted fabric forms [19,31-34]. A similar expert system related to 
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polyester coloration was also developed at North Carolina State University. The aim 
of the system was to diagnose the faults encountered during the coloration process of 
polyester and suggest possible solutions to overcome the defects [15]. 
In addition, several expert systems have been developed to solve  problems in the 
garment industry. One example of such systems was developed by Korean 
researchers [34]. In the textile industry, expert systems are also used as a guide to 
select an appropriate process in addition to analyzing faults or suggesting 
corrections. For instance, an expert system has been developed to reduce the 
environmental costs of small to medium textile enterprises [35]. A detailed review of 
the methods used in color and textile industry is performed by some researches [36]. 
Also, an expert system was developed for determination of the dyeing recipes [37]. A 
list of reported expert system applications is shown in Table 2.2 [15,38-43]. 
Table 2.2 : The other expert system applications in textile field of textile [15,38-43]. 
Name Developer Domain 
Wooly Sandoz Products Wool Finishing [38] 
Pré-matic CIBA Cotton Bleaching [15] 
BAFAREX BASF Dyeing Recipe for Cotton and 
Polyester/Cotton Textile [39] 
OPTIMIST BASF Dyeing Optimization [40] 
TEXPERTO SANDOZ Textile Finishing Recipe [41] 
SMARTMATCH Datacolor Int. Color Matching [42] 
CALOPOCA CIBA Color Matching [43] 
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3.  INK JET PRINTING  TECHNOLOGY IN TEXTILE INDUSTRY 
3.1 Introduction 
Ink jet is a non-contact printing technology, where only variable-sized colorant drops 
are applied onto the surface of the substrate. The fundamentals of the technology 
depend on the theories, which are developed at the end of the nineteenth century by 
Belgian physicist Plateau and English physicist Lord Rayleigh. However, the 
development of the technology did not materialize until the beginning of 60’s. In the 
late 1950’s and the 1960’s, as the computer data systems advanced, a search for high 
printing methods began [44]. 
Ink jet technology consists of three fundamental components [44]:  
• Print head 
• Colorant 
• Media 
However, transport, and colorant handling systems may also be considered as 
fundamental components of the technology [45].   
As it is shown in Figure 3.1, print head technologies can be classified into two 
groups: continuous ink jet (CIJ) and drop-on-demand (DOD). 
In ink jet printing technology four main colors are used, i.e. cyan (C), magenta (M), 
yellow (Y), and black (K). All other colors are obtained, via subtractive color 
mixture on the fabric, after the spraying of the required amount of these four main 
inks from the nozzles. However, in order to get the right hue, it is very common to 
use additional inks having colors such as orange, blue, and grey. Since the colors of a 
print design are obtained during the printing, these four main colors (CMYK) and 
additional colors are called process colors. Unlike the ink jet technologies, in the 
conventional printing methods the color to be printed is in a paste form before 
printing. Hence, these colors are called spot colors [46]. 
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Contrary to flat screen or rotary screen printing, in ink jet technology a stencil is not 
required in order to print a design onto the fabric, and the design is created digitally. 
Conventional printing technologies are, however, faster. For instance, the printing 
speed of rotary screen printing is approximately 30 meters per minute. Conventional 
technologies are more economical and efficient for mass production. However, the 
cost of stencil preparation and color trials, the high consumption of fabric and paste 
are some of the disadvantages of conventional printing technologies. For that reason, 
they are not convenient for small size production, while ink jet technologies are more 
convenient for such productions. Particularly, inkjet printing, due to the flexibility of 
pattern change, is important for the ever changing fashion industry [47]. 
Some of the other advantages of ink jet technologies are listed below [48]:  
• Quick response to customer needs, 
• Quick response to ever changing fashion industry, 
• Less fabric and chemical consumption during sample preparation, 
• Saving from empty places required for the storage of rotary or flat screens; 
• Virtually infinite color and design possibilities, and 
• Less colorant consumption. 
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Figure 3.1 : Types of print head technologies employed in ink jet printing [44]. 
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Figure 3.2 : Fiber types used in conventional printing methods [49]. 
However, the production of printed fabrics is declined in recent years. As it is shown 
in Figure 3.4, most of the European and North American print houses are shut down 
and the industry has shifted from these regions to Southern West Asia. Moreover, 
demand for printed fabrics has not increased approximately for twenty years [49].   
 
Figure 3.3 : Colorant types in conventional printing [49]. 
On the other hand, textile printing market is still globally considerable. In 1993, it 
was reported that 18 billion meters of fabric were printed [47]. According to another 
source, 27 billion meters of fabric were printed in 2001 [50]. The future trends of 
conventional screen printing methods show that the usage of pigments will increase 
due to developments of binder systems and environmental concerns, such as the need 
to reduce water consumption. 
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Figure 3.4 : Printing industry according to the regions of the world [51] . 
Accordingly, the usage of reactive and vat dyestuffs will decrease. The usage of 
disperse dyestuffs depends on the consumption of polyester fibers. Moreover, it is 
forecasted that the consumption of acid dyestuffs will remain the same [51]. In 
addition, specific requirements of fashion industry  including small amounts of 
fabrics used and rich multicolored designs are not profitable for conventional printers 
[48]. Therefore, it is also anticipated that ink jet printing technologies will replace the 
conventional systems in the future [49,51-52].  
3.2 A Brief History of Ink Jet Printing 
Textile printing is as old as the history of civilization [53]. According to the 
archaeological remains, engraved block printing was first emerged in China in 4th 
century [53].  The apparels and wooden print blocks that are dated to 400 – 600 A.D. 
were found in Upper Egypt region [54]. Also, “Diamond Sutra” which is known as 
the oldest book printed with block printing method was found in 868 A.D. in 
Dunhuang, China.  In addition, most of the Indian block printing samples are dated to 
late middle ages. Particularly, textile block printing techniques were developed and 
spread in India [53].  
In the middle of the 19th century, the Belgian physicist J. A. F. Plateau and Lord 
Rayleigh from United Kingdom published a series of articles about the fundamentals 
of ink jet printing, separately [55]. The related patents were issued in 1920’s and 
1930’s [53]. 
Before 1960’s, the results generated by some of the analog or electronic devices were 
recorded by a pen like system. In order to record the results, R. Elmqvist invented an 
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ink jet nozzle based on capillary structure [55]. In 1952, Siemens – Elema introduced 
Mingograph, which was usually used for medical devices, on later configurations 
[53]. 
In 60’s, high-speed electronic printers were introduced to markets. M. Naiman 
invented the primitive form of thermal ink jet printing technique. This concept was 
later used by Canon and Hewlett – Packard in 1970’s [55].  
R. Sweet from Stanford University, first introduced continuous and charged drop 
formation in 1963 [55]. A. B. Dick developed Videojet 9600, the first commercial 
printer based on this method, in 1968 [53, 55]. Although this printer was able to print 
onto fabrics, it was basically used to write codes on metal boxes or cases.   
 A digital carpet printing machine, Milliken Millitron, was introduced by Milliken in 
South Carolina at the beginning of 1970’s [53, 56-57]. The printing technique of this 
machine was based on the air deflection of the drops, which were not intended to 
drop on carpet surface. Deflected ink drops were fed back to the ink jet head to be 
ejected again. Undeflected drops stroke on the carpet surface to create the design 
[54]. 
Canon and Hewlett – Packard developed thermal ink jet head individually. After the 
introduction of Hewlett – Packard’s first commercial desktop printer in 1984, Canon 
introduced BJ – 80 in 1985 and called this thermal technology as “Bubble Jet” [58]. 
In the mid 1990s, Canon developed a textile ink jet printer based on bubble jet 
technology. In ITMA 1999, Ichinose presented a 12 colored ink jet printer equipped 
with Hewlett – Packard ink jet heads [56]. However, Canon and Ichinose printers did 
not gain a significant share of the market. Ichinose later introduced Artistri 2020 
equipped with DuPont piezoelectric ink jet heads [55]. This printer attracted the 
interests of the market and 160 units were installed in several printing units. In 
addition, Stork introduced a printer line consisting of Amethyst, Zircon and Amber 
in ITMA 1999. Mimaki presented their TXPIJ printer in ITMA in the same year [53].  
ITMA 2003 was a very important exhibition for ink jet printer manufacturers. 
Zimmer introduced Choromotex in 2003, which is based on continuous ink jet head 
technology [53, 59]. At the same exhibition, Reggiani in collaboration with SciTex 
Vision and Ciba, introduced DReAM, which became one the most important 
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commercial printers, while Robustelli presented Mona Lisa ink jet printer using an 
Epson ink jet head [60]. 
3.3 Ink Jet Printing Technologies 
3.3.1 Continuous ink jet heads (CIJ) 
Continuous ink jet (CIJ) print heads function based on three processes: drop 
generation by pressure, drop deflection and ink recycling. All continuous systems 
rely on the physics of an unrestrained fluid jet, which was analyzed by Lord Rayleigh 
in 1878 [55]. He observed that a jet of any fluid is unsteady and tends to break up 
into small droplets [57]. In CIJ, the colorant is pressurized by a pump and fed to a 
nozzle. The continuous drop stream is generated either by piezoelectric or thermal 
excitation in the drop generator. The jet of colorant breaks up into droplets shortly 
after exiting the nozzle. The break up occurs randomly and results in droplets of 
variable sizes. As the colorant droplets pass through the charging electrodes, they are 
charged to be selected by deflection plates. Deflection plates are a pair of metal 
plates, which create an electrostatic force on the droplets either to be fired on to the 
substrate or to be fed to the gutter. The colorant droplets are accumulated in the 
gutter, then fed to the filter, ink supply reservoir, and pump respectively.  The 
combination of jet velocity and frequency of the excitation determines the droplet 
size, which can be controlled accurately [44,55-57].  
The selection of colorant drops can potentially be achieved by a mechanism that can 
deflect the drops. For example, in carpet and upholstery printing, Millitron ink jet 
printer operates on continuous ink jet principle with drop selection achieved by air to 
deflect the drops onto the substrate [56].  
The simplest method of selecting the drops is binary deflection as shown in Figure 
3.5a. In this method, the drops are either charged or uncharged by the electrodes. The 
uncharged drops are not affected by the electrostatic force generated by deflection 
plates. Thus, strike the fabric. However, the charged drops are deflected to the gutter 
and recycled [56]. Alternatively, charged drops may be allowed to fall on to the 
fabric, while uncharged drops are accumulated in the gutter [58].  
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In the multiple deflection method, shown  in Figure 3.5b, the deflection varies due to 
the different electrostatic charges applied to the colorant droplets. This allows 
multiple positions on the textile substrate to be printed from a single jet.  
The Hertz method, shown in Figure 3.5c, is a variant of CIJ, which was invented by 
Carl H. Hertz [44,59]. In this method, the amount of colorant application is variable. 
This is achieved by generating very small drops of order of 3 pL. The drops not 
applied on to the substrate are charged and deflected to the gutter.  
In addition to piezoelectric excitation, drop formation can also be achieved by 
thermal excitation method. In this approach, each nozzle has an annular electrical 
heater that is pulsed at a certain frequency. The heat raises the temperature of the 
colorant and results in local viscosity drop of the colorant. As the colorant jet 
velocity is constant and heating pulse is periodic, the jet breaks up into equally sized 
drops [44].  
CIJ technology has a high rate of drop ejection (50,000 – 100,000 drops/sec) and a 
high drop velocity (20 m/sec). However, charge and deflection, ink recirculation, and 
pressurization sequences result in complexity of the process and make the print head 
costly. The ink recycling systems must also be designed to recover and reuse the 
colorant that is not used for printing [44,47,56]. Within this technology, the colorants 
should be conductive to a certain degree. Common salts can be added to adjust the 
conductivity to meet the required conductivity [47]. However, this is not a serious 
limitation on ink properties since the conductivity levels are low enough. On the 
other hand, this means that CIJ inks are electrochemically active and may cause 
corrosion on print head materials [55].    
CIJ heads have high speeds compared to DOD systems and in addition to their costs, 
some problems may arise from the ink recycling, exposure of the ink to the ambient 
conditions, oxidation of the colorant or ink vehicle and their tendency to pick up lint 
and other foreign material [45]. 
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Figure 3.5 : Different CIJ piezo excitation approaches: (a) Binary. (b) Multiple. 
(c)Hertz [55-58]. 
3.3.2 Drop-on-demand (DOD) ink jet head 
In DOD ink jet heads drops are generated only when they are required to form the 
image. Two main ejecting mechanisms are used to generate drops: Piezoelectric ink 
jet head (PIJ) and thermal ink jet head (TIJ). In PIJ, the drop formation is achieved 
by means of a piezoelectric element, while a heater is used for the same goal in TIJ.   
Although drop formation technologies are considerably different, all DOD 
technologies have the following characteristics: 
1. The ink continues to flow out of the jet orifice for a considerable time after the 
electrical drive pulse has terminated. 
(c) 
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2. The ejected column of liquor is initially roughly cylindrical but at a certain 
distance from the orifice a ‘head’ begins to form and progressive ‘necking’ occurs 
until contact with the orifice is lost. 
3. The tail of the ejected ink may then contract towards its leading edge eventually 
forming a spherical drop but under adverse circumstances, the tail may detach itself 
and form one or more satellite drops.  
The TIJ heads tend to eject the ink in a very long stream, which subsequently breaks 
up, and forms satellite drops [58]. 
3.3.2.1 Piezoelectric ink jet (PIJ) head 
In PIJ, a piezoelectric material is used to generate ink drops. When an electrical field 
is applied to a piezoelectric material the dimensions of the material change which 
cause the ejection of the drops. The chamber is refilled from the ink reservoir by the  
Figure 3.6 : A simple PIJ structure [55]. 
Capillary forces, when the piezoelectric element turns into its original shape after the 
removal of the electrical force [61]. The most common piezoelectric element that is 
used in ink jet heads is lead zirconate titanate (PZT). Titanium atom of PZT can be 
moved forth and back in a cage of oxygen atoms during the exposure of a strong 
external electric field [55]. A typical PIJ head is shown in Figure 3.6.   
The shape of the piezoelectric material can be tubes, rods, rectangular plates, and 
circular plates. The constraint of the material and the orientation of the applied 
electrical field are also important configuration variables of PIJ [55]. Also the 
piezoelectric element could be attached to a membrane that forms an ink chamber 
wall or the chamber itself [44]. 
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 PIJ print heads can be classified according to the geometry of the drop ejector or the 
operation of the piezoelectric element as shown in Figure 3.1.  
In the shear mode the electrical field is perpendicular to the poling direction of the 
piezoelectric material, which is placed on the roof of the ink chamber as shown in 
Figure 3.7. Due to allowing a perpendicular positioning of the electrical fields 
electrodes this mode is an important design tool [55]. The application of the 
electrical field produces a shear motion in the piezoelectric material, which moves 
the membrane where it is attached. In another configuration of the shear mode, which 
is called “shared wall”, the piezo material is diced to form grooves that serve as the 
ink chamber itself and the electrodes are placed inside the chambers. When the walls 
approach each other, the volume of the chambers is reduced, as shown in Figure 3.8 
[44,55].  
Figure 3.7 : DOD Piezoelectric ink jet – shear mode [44]. 
Figure 3.8 : DOD Piezoelectric ink jet shear mode, shared wall [44]. 
In the bend mode, the electric field and the poling directions are parallel to each 
other, as shown in Figure 3.9 [44]. In this configuration, a thin, constrained slice of 
PZT is bonded to a thin stainless steel diaphragm. One piece contracts when the other 
expands [58].  
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Figure 3.9 : DOD Piezoelectric ink jet bend mode [44]. 
In the push mode, the electric field and the polarization vectors are parallel. 
However, the electrical field is placed in the expanding direction of the piezoelectric 
material, as shown in Figure 3.10 [44]. 
 
 
 
 
 
 
 
 
Figure 3.10 : DOD Piezoelectric ink jet push mode [44]. 
In the push and bend mode the piezo material can be prevented to contact with the 
ink by a thin seal between the piezo and the liquid ink. With earlier shear mode 
configurations, the aqueous inks affect the metal electrode of the piezoelectric 
element, and for this reason a protective coating is necessarily applied [58].  
PIJ is an open push-pull system [62]. It generates ink only for the required places, 
and consists of simple, binary electronic circuitry. It is compatible with a wide range 
of inks. However, as the structural requirement of the PIJ, ink formulations have to 
govern the drop formation process [55]. The ink must have an optimized viscosity. If 
the ink viscosity is too low, the ink will not be ejected from the nozzle. On the other 
hand, if the viscosity is too high the suction force of the piezo material will not be 
sufficient to pump the ink into the chamber [62].  
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Moreover, PIJ is limited in its drop frequency capability by ink refill timing. The 
DOD process relies on the nozzle meniscus to a nearly inert state before being pulsed 
to fire again. Meniscus settling times, especially the time for fluid to refill the nozzle 
region, control PIJ drop repetition capability [55]. It is also necessary to de-aerate the 
inks, usually by ultrasonic treatment before filling ink tanks in order to prevent 
nozzle blockages due to dissolved gases [61]. In addition, PIJ technology enables the 
control of the drop size and lasts longer than TIJ. Thus, PIJ has a higher standing in 
textile applications [57]. 
3.3.2.2 Thermal ink jet (TIJ) head  
TIJ technology is a thermal-pulse system. In this system, the heater is heated to a 
high temperature rapidly and this causes a vapor bubble in a volatile ink component, 
thus an ink drop is generated. The bursting of this bubble causes the drop to be 
ejected from the nozzle. A typical drop formation and ejection is shown in Figure 
3.11 [55]. 
The ink drop generating process can be repeatable and reproducible at very high rates 
per second. With water based inks, the ink is heated to around 300 
o
C. This high 
temperature leads water to turn into steam phase. The heater then turns off after the 
bubble formation and begins to cool. As the heat transfer is poor to the water vapor 
in the bubble, the surrounding ink remains cool. When the bubble bursts the steam is 
condensed back to the liquid phase and a vacuum is created. Hence, the ink is pulled 
to the heater surface and the refill from the reservoir to the nozzle is initiated [55]. 
Water tends to cause more explosive bubbles than other solvents, e.g. alcohol, which 
makes TIJ technology more compatible with water based inks [44]. 
The heater elements are tantalum sputtered, electrical connections are made and then 
the heaters are then passivated by depositing phosphosilicate glass. The electrical 
connections are then insulated by deposition of silicon nitride and the whole 
component is given a final protective layer of sputtered tantalum. This assembly 
must withstand the thermal stress of millions of ultra-rapid heating cycles [58]. There 
are several configurations of TIJ, however, two main configurations among others 
are more important and most of the other configurations are derived from these two 
main configurations, i.e. roof shooter, and side (or edge) shooter. In roof shooter, 
shown in Figure 3.12, the heater plane and the nozzle plane are parallel to each other, 
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whereas the heater plane is perpendicular to the nozzle plane in side shooter, as 
shown in Figure 3.13 [44]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 : Drop formation and ejection in TIJ [55]. 
 
 
 
Figure 3.12 : DOD Thermal ink jet, roof shooter [44]. 
The shape and the location of the heater in TIJ heads have a significant effect on the 
clean ejection of drops and by using annular heaters the satellite drops can be 
completely eliminated [58]. During drop formation, the clean separation of the 
column of ink from the jet orifice must take place symmetrically so that the drop 
trajectory is perpendicular to the face of the jet plate. 
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Figure 3.13 : DOD Thermal ink jet, side (edge) shooter [44]. 
Otherwise, there will be a tendency for misalignment of the drops. This increases the 
banding in the print. With side shooter, asymmetrical bubble formation can cause 
this type of defect [58]. Thermal inkjet is the lowest cost version of DOD and has a 
more compact print head design. This gives TIJ an advantage due to higher 
resolution capability [46]. Jet blockages, which are often caused by contamination of 
the orifices by lints from the fabric, can usually be cleared using routine machine 
flushing cycles. However, internal failures cannot be overcome easily [58]. TIJ also 
has an advantage in the area of air management; because the heater is very close to 
the nozzle, which tends to flush away from the critical regions more efficiently [44].  
On the other hand, TIJ technology is not compatible with a wide range of colorants. 
All commercial available TIJ print heads fire aqueous inks [44]. Because of this, TIJ 
heads are not widespread in textile applications. Also, the drop ejector lifetime is 
another issue where PIJ is generally considered as more robust than TIJ. Two failure 
modes are unique to TIJ: kogation, and bubble collapse.  
Kogation is the deposition of the substances, which are produced by the degradation 
of the some of the ink contents at 300 
o
C – 500 oC, on the heater. This failure causes 
less ink to be heated and therefore smaller vapor bubbles are generated leading to 
reduced ink ejection pressure [55]. 
Bubble collapse is another failure, which can be very violent and can erode the heater 
surface through a phenomenon called cavitation damage [55]. 
3.3.2.3 Other ink jet technologies 
The electrostatic ejecting system is a type of drop-on-demand (DOD) systems and is 
considered has less important compared to other technologies. In this approach, 
conductive inks are used. The flow of the ink is achieved via high voltage between 
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nozzle and the substrate to be printed. Due to the voltage, the conductive ink drops 
are pulled from nozzle toward the material.  
Another relatively simple DOD ink jet method is based on valves. In these systems, 
the inks are ejected from nozzles under pressurized, mostly solenoid, valves. 
Compared to the other ink jet systems, the resolution of the images in this system are 
low. However, the printing speed is high due to the big droplet sizes. This system is 
mostly used for printing carpets [44, 46].  
3.4 Types of Inks Employed in Ink Jet Printing Machinery 
Unlike the conventional printing, due to the physical structure of the nozzles highly 
viscous pastes containing dyestuffs and pigments cannot be applied to the fabrics. 
For that reason, colorants are applied in a liquid form with low viscosity and thus. 
Instead of paste, the term  ink is preferably used. The inks consist of colorant, carrier 
and various auxiliaries. The carrier may be water or a solvent, oil, phase change 
material (PCM) (hot melt) or liquids  that can be processed by UV. However, due to 
the ionic structure, low cost, safety and good solvent characteristics of water, almost 
all ink types are water based. Suitable rheological properties (surface tension, 
viscosity, density) and compatibility with fixation conditions are critical 
characteristic of an ink to be used for ink jet printing [45,61]. 
Depending on printers, the inks can be supplied as prefilled sealed cartridges or 
separately to be filled fixed cartridges mounted to the printer.  
The colorants used in inks can be classified according to their chemical properties as 
shown in Figure 3.14 [63]. The type of colorant determines the interaction between 
the ink and the material to be printed. 
Approximately 50% of printed products are colored with pigments [64] and pigments 
are commonly used in conventional printing. In general, pigments are widely used 
when reasonable fastnesses properties and low cost are required. Pigmented ink 
formulations are still under development in ink jet printing sector and significant 
results have been obtained in recent years [65]. More recently, nano- pigment based 
inks were developed and applied to a wide range of textile substrates. 
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Figure 3.14 : The type of colorants used in ink jet printing [63]. 
The inks to be used in digital printing should be suitable for drop formation. Also, 
durability, high color yield and good sharpness are among the required properties of 
inks.  Inks should also be chemically stable and compatible with the material to be 
printed. Moreover, they should meet the requirements of printers. For example, 
rheology and conductivity of the inks can differ according to DOD or continuous 
systems. Digital printing inks should have substantivity to the material to be printed 
and possess satisfying fastness properties [45]. The important parameters of an ink 
can be listed as follows:  
• Purity 
• Particle size (for disperse and pigment inks) 
• Viscosity 
• Surface tension 
• Conductivity (for continuous ink jet technologies) 
• Stability 
• pH  
• Compatibility with materials to be printed 
• Fastness properties 
• Laundering properties 
• Handle 
• Compatibility with conventional textile technology [66,57]. 
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In addition to these parameters, inks should meet the requirements listed below: 
• Form homogenous droplets in terms of size: droplets should be ejected with 
appropriate speed and direction constantly;  
• Eject without clogging nozzles at each impulse; 
• Possess quick wetting properties;  
• Have high concentration;  
• Should not be affected with temperature gradients;  
• Have long shelf life;  
• Do not cause corrosion [67]. 
3.4.1 Acid dyestuffs 
Acid dyestuffs consist of rather smaller molecules and have low molecular weight. 
They are anionic dyestuffs and highly soluble in water. They are used to dye 
polyamide and protein fibers [63]. Acid dyes have vivid and bright colors. Moreover, 
their light fastness values are generally high. 
Acid dyestuffs are charged negatively in an acidic medium. In the same medium, the 
amino groups of polyamide and protein fibers have positive charges. Thus, dye and 
fiber form ionic bonds. Because of the ionic bond, the dyeing process results in a 
good fixation and very small amount of dye is left unfixed [57]. However, ionic bond 
formation is a reversible reaction, thus acid dyeing requires more care. On the other 
hand, for silk products, such as ties and scarves, design quality is more important 
than fastness properties [68,69]. 
Acid dyes have been applied to the cotton fiber, both in conventional and digital 
printing methods. In order to achieve this, the cotton fibers are cationized or treated 
with cross-linking agents [68,69]..  
3.4.2 Direct dyestuffs 
Direct dyes have relatively large linear structures compared to acid dyes and higher 
molecular weights. For this reason, their substantivity to cotton fiber is generally 
high. Direct dyes are soluble in water and have higher fastness values on cotton than 
acid dyes. Direct dyes are relatively inexpensive, and their application is generally 
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simple. However, acid dyes have brighter colors than direct dyes. Despite these 
properties, direct dyes are not commonly employed in ink jet printing of textiles [63].  
3.4.3 Reactive dyestuffs 
A typical reactive dye consists of two main groups: chromophore and reactive 
groups. Among the reactive dyestuffs, chlorotriazine dyes represent a large number 
of members. A common mechanism involves dyes losing a leaving group, such as –
Cl, and then forming covalent bonds with a hydroxyl group in cellulosic fibers in an 
alkaline medium. In the case of dyes containing chlorine leaving groups, such as 
mono and dichlorotriazine dyes, HCl is produced in the hot dyebath, which then 
reacts with the alkali present. These chemical reactions also happen in ink jet 
printing. Due to the high temperature and pH conditions, these interactions cannot be 
successfully replicated on paper or film [70,57,63].   
The printing ink containing reactive dyes consists of only dyestuff and the carrier 
medium. Thus, the chemicals related to the fixation are applied to the substrate prior 
to printing. Bright colors can be obtained with reactive dyes. However, due to the 
limited stability of the inks containing reactive dyes, shelf life is an important 
parameter [71]. The printing conditions for a reactive ink jet printing are shown in 
Table. 3.1. [72]. In general, the pretreatment solution consists of a polymer based 
thickener agent, such as alginates, and urea. Alginate is used to improve the 
sharpness of the image, urea to improve color yield, and alkali for the fixation of the 
dye [72]. The chemicals used in pretreatment solutions should not react with the dye. 
Although, the pretreatment term is used here, it should not be confused with a typical 
pretreatment process. Pretreatment involves the preparation of a fabric prior to the 
ink jet printing. This treatment is applied mostly to fabrics to be printed by reactive 
inks. While sodium alginate leads to a homogeneous coloration, urea keeps the 
moisture in the fabric [72]. In addition to the application of a thickening agent prior 
to printing, cationization of the substrate has also been attempted as a different 
approach to improve the outcome of the printing process [73]. 
3.4.4 Disperse dyes 
Disperse dyes are used for the coloration of polyester fibers and, due to their very 
low insolubility in water they are applied in a dispersion form. Disperse dyes are 
frequently used in sublimation transfer printing. Design is printed on a transfer paper 
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first and under high temperature and pressure, the design is transferred to the fabric. 
In this method, the coloration of the paper is achieved by ink jet printing. Disperse 
dyes used in sublimation transfer printing, have lower molecular weights and are 
more hydrophobic compared to the dyes used in classical printing [47,66]. 
Table 3.1 : Ingredients and processes used in digital printing of cotton fabrics with 
reactive dyes [72]. 
Process Ingredients Machinery Conditions  
Pretreatment 
Sodium alginate 
Urea 
Sodium Carbonate 
Various 
100-200 g/kg 
100 g/kg 
30 g/kg 
Padding  Padder Pick-up ratio %70-80 
Drying  Stenter 100-120
o
C 
Printing Dye ~0.3 mg/cm
2
 
Digital 
Printer 
Depends on fabric 
type and conditions 
Fixation  HT Steamer  
8 min at 102
o
C using 
saturated steam 
Washing 
Cold water 
1 g/L nonionic surfactant 
Hot water 
Cold water 
Wash bowls 
100
 o
C for 3 min 
60-80 
o
C 
 Disperse dyes are also used in ink jet printing of polyester substrates. When disperse 
dyes are ejected directly onto the fabric a thickener and a mild acid is applied on the 
fabric prior to ink jet printing. This pretreatment gives a homogeneous wetting to the 
polyester fabric and provides a smooth surface for printing resulting in improved 
quality of the printed design [72]. 
In disperse dye inks the particle size is a significant parameter. The particle size of 
the dye should be smaller than those used in conventional disperse printing in order 
to obtain a smooth ejection [47]. Disperse dye inks are thus highly purified and their 
particle size is between 100 – 250 nm [72]. 
3.4.5 Pigmented inks 
The coloration in pigment printing is achieved by attaching the insoluble pigments to 
the fabric by means of a binder since pigments do not have substantivity towards 
fibers. Pigments have been the most widely used colorant in textile printing since 
1960’s. More than 50% of conventional prints are obtained using pigments. Unlike 
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the prints based on dyestuffs, pigment prints require a simple fixation process. After 
drying and fixation, the printed good is ready to use [74]. 
On the other hand, it is very hard to prepare an ink containing pigments and an 
emulsion based binder for ink jet printing due to ink stability and injection 
efficiency, the drying of ink and the clogging of the nozzles. Clogging is particularly 
a high risk factor for the ink jet heads requiring low viscosity inks. Table 3.2 shows 
various ink jet heads and their compatibility with pigmented inks [75]. 
Table 3.2 : Ink jet head type and pigmented ink compatibility [75]. 
Pigmented ink 
Piezo ink jet 
Low viscosity 
Piezo ink jet 
High viscosity 
Thermal  
ink jet 
Without binder Yes Yes Yes 
With binder in classical printing No Yes No 
With special binder Yes Yes No 
A typical pigmented ink formulation may contain the following ingredients:  
• Pigment dispersion; 
• Polymeric binder; 
• Water as a carrier for water based inks; 
• A co-solvent to help water carry the ingredients of the ink for compatibility and 
solubility, and to enhance the performance of other ingredients in terms of wetting 
and adhesion to the fabric; 
• Surfactant;  
• Humectants; 
• Antifoam agent; 
• Viscosity control agent; 
• Chemical agents for rapid drying of the ink on fabrics, and 
• Biocide [75]. 
In pigmented ink formulations, the colorant exists as insoluble small particles in the 
suspension. The ideal particle size should be 0.5 µm or smaller for ink jet 
 32 
applications [65]. The most important feature expected from pigmented inks is their 
dispersion stability in a wide range of temperatures over a long period.  
In order to keep the stability of a pigmented ink containing very small particles and 
low viscosity over a long period, the following features should be carefully 
considered:  
• Small particle size; 
• Reducing the difference between the specific densities of pigment and the carrier 
liquid; 
• High adsorption of dispersion chemical over the pigment surface energy.  
There are four different pigment dispersion technologies. In polymer technology, the 
pigment particles are covered with a water soluble polymer. In surfactant 
stabilization, the surfactant is adsorbed on the pigment particles. Another approach is 
to encapsulate the pigment particles with a thick layer of acrylic polymer. The fourth 
method is surface modification of the pigments. In this technology, sulphonic or 
carboxylic groups, pyridinium or trimethyl amine cations are attached covalently to 
the pigment surface. Thus, the desired physicochemical properties are obtained [76]. 
3.5 Recent Developments in Ink Jet Printing 
As the most of the industries, textile was also affected by the global recession 
between the years of 2008 – 2009. However, the textile printing market is 
recovering. The current amount of 28 billion square meters of the prints is estimated 
to range between 30 – 32 billion square meters by 2015 [77].  
Although the first commercial digital printing system was launched in ITMA 1991 in 
Hanover, the penetration of the system into the conventional printing industry is still 
small due to the high costs of inks and the low production speeds compared to the 
conventional printing technologies [77]. However, introduction of ink jet printing 
systems offer ecologically friendly production methods compared to the conventional 
systems in terms of aqueous and gaseous effluents discharge [78]. In Figure 3.15, the 
recent market segments of ink jet printing is shown. 
In addition to the traditional markets, ink jet systems also take places in new textiles 
markets such as, t-shirts and football shirts in garment and sportswear sectors. 
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Particularly, direct to garment ink jet printing, which was introduced in 2003, has 
evolved into a substantial industry. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 : The current market of ink jet printing of textiles [77]. 
For instance, in United States of America, 20,000 thousands of these types of 
machines are in use, and thus the ink consumption of these machines reaches up to 
200,000 liters /year. The ink type of these machines is pigmented, since the curing 
conditions are more convenient than of reactive ink jet printing [77].  
In textile ink jet printing, there are substantial attempts to increase the production 
speed of ink jet printers as much as an automatic flat screen machines. Italian textile 
printing machinery manufacturers have been developing new machines to achieve 
high speed production by integrating an ink jet head, Kyocera KJ4B, which was first 
introduced in 2008 in Japanese market for web-offset print substitution market. With 
2,656 nozzles in a 108 mm print head, this ink jet head offers 600 dpi-density 
resolution and it is the only print head with this feature on the market. The standard 
resolution of 600 dpi eliminates the requirement the interlacing of the print heads in 
order to obtain higher resolutions, and reduces total number of the print heads. Thus, 
more compact design leads to fewer alignment errors [79].  In ITMA 2011 and 
FESPA 2011, the new ink jet printing machines with higher production rates were 
introduced. The outstanding printers were MS-JPK series, MS Rio, Reggiani 
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ReNOIR EVO, and the Stork Sphene, in which Kyocera KJ4B ink jet head is 
installed. In addition, the ink jet head, Seiko Infotech (SII) SPT-508 is used in the 
Zimmer Colaris, Hollander ColorBooster and the D-Gen Artrix machine and the 
Ricoh Gen 4 head is used in the new Mimaki TX400 and the Durst Kappa machine 
[77]. Table 3.3 shows the recent ink jet heads used in textile digital printers [79].  
Table 3.3 : The recent ink jet head used in textile digital printers [79]. 
Producer Model Features 
Epson DX4, DX5 
Piezo DOD 
DX4 (2x180 Nozzles) 
DX5 (8x180 Nozzles) 
Ricoh Gen4 
Piezo DOD 
(2x194 Nozzles) 
S II Printech Inc. 508 
Piezo DOD 
(508 Nozzles) 
Konica Minolta KM256 KM512 
Piezo DOD 
KM256 (256 Nozzles) 
KM256 (2x256 Nozzles) 
Kyocera KJ4B 
Piezo DOD 
(2656 Nozzles) 
FUJFILM Dimatix 
Inc. 
Nova AAA 
Piezo DOD 
(256 Nozzles) 
Brother Xaar Licence 
Piezo DOD 
(128 Nozzles) 
Markem-Imaje Continous CIJ 
The high production textile ink jet printers are shown in Table 3.4 [80]. In the table 
below, ink jet head type of all the printers is DOD, except Isis of Xennia 
Technology. As it is mentioned in the table, the ink jet head of latter is continuous. 
Also, in the table, the configuration of the systems depends on 8 colors with an 
exception of Konica Minolta PRO 1000, which has 9 colors. As it is seen in Table 
3.4, Kyocera ink jet heads are used in more than the half of the machine types. These 
new ink jet heads require ink formulation to achieve higher printing speeds with 
increased number of the nozzles. The available inks for recently developed ink jet 
printers are restricted with the textile dye based inks such as reactive, acid, and in 
certain printers, disperse. However, although the pigments are highly used in 
conventional printing, the pigmented inks are still not in the agenda of the ink 
producers [80]. On the other hand, the introduction of direct to garment ink jet 
method to the market by Aeoon Technologies of Austria, at FESPA Hamburg 2011, 
in which Kyocera KJ4B ink jet head is mounted, attracted the interests of both ink jet 
printer and garment markets  [80, 81].  The newly developed ink jet heads, 
particularly, Kyocera KJ4B, require specific inks, development of which are rather 
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complex. Thus, in addition to the producers stated in Table 3.4, few ink suppliers are 
supporting the stated ink jet head with convenient inks [80]. 
Table 3.4 : The high production textile ink jet printers [80]. 
Producer 
 
 
Model 
Print 
Head 
Nozzles in 
Print Head 
 
Print Head 
Configuration 
Total 
Nozzles 
 
Speed 
(max) 
Sq.mts 
/hours 
Durst 
 
Kappa 
180 
 
Ricoh 
Gen 4 
384 
8 Colors 
16 
heads/colour 
49,152 
600 
 
Hangzhou 
Honghua 
 
Vega 
600(16) 
Kyocera 
KJ4B 
2656 
 
8 Colors 
2 heads/colors 
 
42,496 
450 
 
Hangzhou 
Honghua 
Vega 700 
Kyocera 
KJ4B 
2656 
 
8 Colors 4 
heads/colour 
84,992 1000 
La 
Meccanica 
QualJet 
K16 
Kyocera 
KJ4B 
2656 
8 Colors 
2 heads/colors 
42,496 490 
Konica 
Minolta 
PRO  
1000 
KM 
1024 
1024 
9 Colors 
9 heads/colour 
82,994 1000 
MS Italy JP38K 
Kyocera 
KJ4B 
2656 
 
8 Colors 
3 heads/colour 
63,744 
550 
 
Reggiani 
 
Renior 
Kyocera 
KJ4B 
2656 
 
8 Colors 
2 heads/colors 
42,496 
400 
 
Stork 
Sphene 
24 
Kyocera 
KJ4B 
2656 
8 Colors 
3 heads/colour 
63,744 550 
Xennia 
Technology 
Isis 
Markem
-Imaje 
 
384 jets in 
1.6 meter beam 
(CIJ) 
8 Colors  
2880 
 
Zimmer 
 
Colaris 8 
Colour 
Seiko 
508GS 
 
508 
 
8 Colors 
8 heads/colour 
 
8,128 700 
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4.  PROBLEMS ENCOUNTERED IN INK JET PRINTING OF COTTON 
SUBSTRATES  
4.1 The Chemical and Physical Features of Cotton 
Approximately 90% of cotton is cellulose therefore, the chemical properties of 
cellulose and its reactions should be briefly described.  
Cotton has the highest amount of cellulose, with high orientation and crystallinity 
among other plant-based fibers [82]. Cotton fibers consist of mostly alpha-cellulose 
and the non-cellulosic part is either at the outer layers, cuticula and primary cell wall 
or inside the fiber lumen. Alpha cellulose in the cotton stands alone with its long and 
rigid molecular structure [83]. The secondary cell wall of cotton also consists of 
cellulose. The quality of the cellulose in the cotton depends on geographic 
conditions, such as climate, soil, temperature, as well as agricultural methods, such 
as pesticides, and watering methods [82,83].  
Reactions of cellulose polymer, which is formed by bonding of alpha-1,4-D(+)-
glucopyranose rings with 1,4-glycosidic bonds, are basically the same reactions with 
alcohols. The OH groups, which are bonded to the 2nd, 3rd, and the 6th carbon, are 
capable of giving the most reactions as alcohols. The molecular structure of cellulose 
is given in Figure 4.1.  
Figure 4.1 : Molecular structure of cotton. 
Glucan is soluble in water and the primary alcohol group bonded to the 6th carbon is 
expected to be reactive due to its structural availability. However, cellulose chains 
form intermolecular hydrogen bonds, which result in microfibrils. Macrofibrils 
generates the fibers. Due to the strong hydrogen bonds, cellulose is insoluble in 
water. [84-86].  
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The effects of chemicals processes and heat on cellulose depend on the 
supermolecular structure of cotton and the reactivity of hydroxyl groups bonded to 
the 2nd, 3rd and 6th carbon atoms. Reactions begin first in amorphous regions and at 
the surface of the crystalline regions. Esterification and etherification are two basic 
reactions of cellulose. The reactions begin with hydroxyl group of sixth carbon due 
to its high reactivity, and continue with secondary alcohol groups of second and third 
carbons [82].  
Oxidizing chemicals, such as hypochlorite, chlorine, chlorite, perchloric acid, 
peroxides permanganates, can easily react with cellulose and result in oxycellulose. 
In addition, heating the cellulose leads to its dehydration and further decomposition. 
Acidic catalyzers accelerate the dehydration where as basic compounds accelerate 
depolymerisation. Cellulose can be heated up to 120 
o
C without loss in strength and 
hence the moisture can be removed. If cotton is heated up to 150 
o
C its molecular 
weight and strength starts to decrease. Between 200 - 300 
o
C volatile products and 
liquid pyrolyzates are observed. At 450 
o
C carbonization of cellulose occurs. 
In Table 4.1 the materials included in cotton fiber are listed. The amount of these 
materials depends on the conditions in which cotton is grown. Also, the amount of 
the metals in the cotton change according to the geographic and climate conditions. 
The possible metals encountered in cotton structure are listed in Table 4.2. The 
metals in the cotton are important factors, particularly for bleaching and dyeing. If 
these metals are not eliminated prior to the mentioned processes, serious problems 
occur. Silica and some metal oxides causes friction in rotor spinning and needle 
abrasion in knitting. Magnesium salts, iron and copper metals causes unlevel results 
in peroxide bleaching. 
Insoluble calcium and magnesium salts affects adversely. Moreover, copper may 
result yellowness in denim fabrics. Iron can cause a permanent brown or pink color 
and effects dyeing. Most of these metals can be removed after a thorough scouring 
and bleaching [86]. 
Cotton fiber can be distinguished easily from the other fibers. The cotton fiber 
consists of a single cell. Along its length, spirals and clear twists can be observed. 
The number of these spirals differs according to the cotton type. The density of 
cotton fiber is 1,52 -1,54 g/cm
3
. 
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Table 4.1 : Materials in structure of cotton [86]. 
 
Dry weight % 
Typical  Range 
Cellulose 95.0 88.0-96.0 
Protein 1.3 1.1-1.9 
Pectin 1.2 0.7-1.2 
Inorganic substance 1.2 0.7-1.6 
Wax 0.6 0.4-1.0 
Sugar 0.3 0.1-1.0 
Pigment Trace  
Table 4.2 : Metals in cotton fiber [86]. 
Metal PPM 
Potassium 2000-6500 
Magnesium 400-1200 
Calcium 400-1200 
Sodium 100-300 
Iron 30-90 
Manganese 1-10 
Copper 1-10 
Zinc 1-10 
Arsenic trace (<1) 
Phosphor 180-1000 
Cross section of cotton is bean-like and the lumen located in the middle is filled with 
air. This air gives cotton a good isolation property. The most outer shell is made of 
cuticle. From outer to the inner, there are primary wall, secondary wall that is the 
source of cellulose, tertiary wall and the lumen.  
The maturity of cotton is related to the thickness of the secondary wall. Pesticides, 
plant diseases and frost like meteorological events may inhibit the maturation of the 
fiber [86]. In that case, the fiber either can be immature or dead fiber. The distinction 
between dead fiber and immature fiber is very important. Both of them are dyed 
lighter than mature fiber, but immature fiber swells in mercerization process [87]. 
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Fiber maturity has key role in terms of the processes that are applied to cotton. Thus, 
it is important to know the maturity degree of cotton before the processes. This will 
increase the quality substantially in dyeability and in the other processes [87]. 
Immature and dead fibers result in unlevel dyeing. In general, the ratio of immature 
fiber in cotton is 25%.  
The polymerization degree of cotton ranges between 9000 and 15000. Depending on 
the geographical conditions ,the color of the cotton is mostly yellowish. The strength 
of cotton fiber is between wool and silk [84]. 
4.2 An Overview of Yarn and Fabric Production 
Cotton fibers are applied many processes in order to make yarn. When the cotton is 
harvested the fibers contain seed, hence it is called seed cotton. To separate the fibers 
from seeds, the ginning process is applied. [84].  
Cotton fibers follow one of the staple fiber yarn production line as blend or pure. 
Yarn production steps are as follows: blowroom, cards, draw frames, roving frames, 
spinning frames, doubling, and winding.  
In blowroom, cotton bales are opened and blended, while they are also cleaned. After 
these processes, the cotton fibers are fed to card as a web form.  
After carding, the cotton fibers are processed in sliver form. According to the yarn 
type and quality, the fibers can also be combed. In drawframes, the slivers are 
doubled and drawn in order to orient the fibers along the length of the sliver..The 
card slivers get thinner and more even in draw frames. Then, the slivers are 
processed in roving frames, and get thinner. They also have a slight twist after the 
process. Roving bobbins are, then, fed to ring spinning frames and they get yarn form 
here. The yarns are wound onto the cops, then in winding processes, yarns on the 
cops are doubled and twisted. Doubled yarns are wound onto the bobbins. Different 
from the ring yarn technology, which is mentioned briefly above, rotor yarn 
technology does not require roving, consequently roving frames. Instead of roving, 
rotors are fed directly with slivers. 
 Fabric can be formed either in knit or woven structure. The woven fabrics consist of 
warps, and wefts, which intersect perpendicularly. According to the design of the 
fabric, warp and weft yarns pass beneath or above each other. Plain and twill are 
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mostly used design in woven fabrics [88]. In knit fabrics, the structure of the fabric 
obtained with a different technique. The fabrics are formed by loops of one or more 
yarns. Compared to woven fabrics, knit fabrics are more flexible and they are used 
mostly for the production of t-shirts, sweatshirts, most under wears.  
4.3 An Overview of Pretreatment Process 
In general, the pretreatment of the woven fabrics start with desizing, where the starch 
and similar sizing chemicals applied to the warps are removed. This pretreatment 
step is combined with singeing in most of the plants. In singeing, the protruding ends 
of the fibers are burned, thus this procedure requires cooling step. Desizing and 
cooling are achieved at the same time with the combination of desizing and singeing. 
After this combined procedures scouring is applied. Scouring is the procedure where 
impurities, such as oil and waxes, are removed. These impurities are hydrophobic 
and thus, the cotton fiber has hydrophobic character despite its hydrophilic structure. 
After scouring, the fiber gains its hydrophilic structure, but still remains in its natural 
color. In bleaching, the natural color of cotton is removed by the removal of the 
pigments that cause the color. Bleaching is applied mostly to the fabric in rope form. 
The peroxide bleaching is most widely applied method. The chemical is prepared 
separately and is fed to the machine where bleaching takes place. Neutralization is 
applied after scouring and bleaching. Weak acids are used in neutralization. Then, 
the fabric is rinsed thoroughly in order to remove the chemical residues. 
Mercerization is applied to cotton fabrics when it is required or desired. The fabric is 
treated with 18% NaOH solution. Under the mercerization conditions, the cotton 
fibers swell and their cross-section turn into a round shape. Circular cross-section of 
cotton fibers reflects more light than untreated cotton and thus the luster of the fiber 
increases.  Also, the dye uptake increases. Depending on the requirements, optical 
whiteners can also be applied. Optical whiteners absorbs ultraviolet invisible lights 
and reflects in visible region, hence the fabric seems whiter [89-96]. 
4.4 Preparation of Fabric for Ink Jet Printing Process 
In ink jet printing technologies, the ink is ejected directly on the fabric, thus the 
screens are not required. For this reason, the inks should be compatible with the ink 
jet head technology and it is impossible to use the pastes, which include all textile 
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chemicals and auxiliaries together with dyestuffs, in the ink jet printing technologies. 
Hence, the cotton fabrics to be printed with reactive ink are treated with thickening 
agent before printing process. This process is applied in ink jet printing, and 
therefore it is reviewed under a separate title.  
In most cases of conventional reactive printing, single phase method, in which all the 
chemicals are applied to fabrics in one paste, is preferred. However, application of 
this method is not possible. Dyestuff and the thickening agent are applied in two 
different phases. The main reasons of this difference are listed below: 
•Hydrolyze of the reactive dye occurs easily in the alkali including inks and therefore 
the shelf life reduces.  
•The chemicals ingredients of the ink may damage the nozzles. 
•The rheology of thickening agent is not suitable for ink jet printing.  
Moreover, another advantage of the separate application of thickening agent is the 
easy control of the wetting and the penetration properties of the fabrics.  
Cellulose based fabrics such as, cotton and viscose, are printed with reactive dyes 
according to two-phase method in ink jet printing.  In this method, alkali, urea and 
thickening agent is applied to the fabric with various methods before printing. Then, 
the fabric is colored digitally with reactive inks. Pretreatment solution, which 
includes thickening agent, urea and alkali, applied to the fabric by padding, cylinders 
or screens. Also, it is possible to spray the pretreatment solution by specific devices 
mounted on the rear region of printer. The amount of naturally occurring polymeric 
thickening agent, such as sodium alginate, ranges between 0.1% and 10% by weight 
in a pretreatment solution. IF the thickening agent content of preparation solution is 
lower than 0.1%, the solution fails to prevent the bleeding of the ink. In contrary, if 
the concentration is higher than 10%, the pretreatment solution does not allow 
uniform distribution of the thickening agent, and thus the coloration may be uneven 
[97]. In practice, the concentration is chosen as 10%. A sample pretreatment 
solution, which is obtained from an actual ink jet printing company, is shown in 
Table 4.3.   
The main purpose of the thickening agents in ink jet printing is preventing the spread 
of the ink on the fabric, and thus, obtaining sharp designs. Moreover, thickening 
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agents hold the moisture during the fixation process and helps the dyes and the 
chemicals to dissolve and to penetrate into the fibers. 
Table 4.3 : A sample pretreatment solution for reactive ink jet printing. 
Sodium alginate (Medium viscosity)  100 g/l 
Urea 100 g/l 
Sodium carbonate 20-30 g/l 
Ludigol (BASF) 25 g/l 
The thickeners should be compatible with the dyes and the chemicals, and they 
should not give reaction, which results in insoluble substances. These substances 
cannot be removed at washing step, and, then increase the stiffness of the fabric. The 
thickener choice is very crucial. The natural thickeners carry hydroxyl groups as the 
cellulose, and thus they have ability to bind with water molecules. On the other hand, 
since the hydroxyl groups of the thickeners also have potential to bind with reactive 
dyes, the compatible natural thickeners are limited. Only the sodium alginate is used 
practically.  
Reactive dyes binds to cotton with covalent bonds in alkali medium. For this reason, 
it is required to use alkali in reactive ink jet printing. However, due to stability 
problems, the reactive inks are prepared without addition of alkali. Since sodium 
bicarbonate results in less hydrolysis, it is preferred in single phase, in which all the 
chemicals are applied at the same time in conventional printing. However, since two-
phase printing method is applied in ink jet printing, due to low cost and strong 
alkalinity characteristics, commonly sodium carbonate is applied. 25 g/L sodium 
bicarbonate may be used instead of the value of the sodium carbonate in Table 4.3.  
The urea in reactive printing paste both provides medium for dye to dissolve and 
holds the moisture. Despite the fact that the nitrogen emission due to the urea creates 
a problem for environmental aspects, it is still applied in reactive printing.  
S (meta-nitro benzene sulfonic acid sodium salt) (LUDIGOL® of BASF) is a mild 
oxidizing agent and used to prevent reactive dye being chemically reduced during a 
high heat required treatments [59].  
Considerable percentage of the conventional printing of cotton fabrics are achieved 
by using pigments. Satisfying fastness values and more practical fixation conditions 
 44 
compared to reactive printing are prominent advantages of pigments. On the other 
hand pigment requires handling more carefully in ink jet printing. As in reactive 
printing, it can be inconvenient to blend all chemicals in the ink. The main problem 
of pigments is blockage of the orifices due to the binders. Thus, the binder should be 
applied separately to the fabric prior to the ink jet printing [98]. 
The fabrics made of fibers other than cotton are also applied pretreatment solutions. 
The most important factors are to improve the color yield of the dye and sharpness, 
consequently to improve the quality of the print. Thickeners, such as guar, 
carboxymethyl starch and carboxymethyl cellulose, give satisfactory results with the 
fibers different from the cotton [59].  
In ink jet printing of cotton with pigmented inks, application of thickener prior to 
printing may not be required. 
4.5 Post-treatment in Ink Jet Printing 
First generation ink jet printers were slow enough for the inks to dry to an acceptable 
degree without additional dryers.  However, with the increase of the speeds of the 
second-generation ink jet printers, the required exposure duration of the fabric to the 
air for a satisfying drying result gets insufficient. For this reason, the staining occurs 
from roll to roll winding. Thus, an additional dryer unit is required. The most 
common method is hot air blowers at the exit of the printing area. Also, hot metals 
are used for drying [59].  
As in conventional printing, fixation process is also very crucial and required in ink 
jet printing. The fixation of reactive ink jet printing of cotton is achieved with 
saturated steam. The steaming is applied under atmospheric pressure and slightly 
over 100 
o
C. During steaming, steam condenses on the fabric and absorbed by the, 
hygroscopic materials, such as thickener and urea, on the printed area. On these 
regions, the dye and the chemicals are dissolved and create a concentrated local dye 
bath, which has a lower liquor ratio (e.g. 1:1), hence the dye fixation is more rapid 
than the exhaust dyeing [98].  
Steaming is followed by the washing state in order to remove the unfixed dye. It is 
suggested to start washing with cold water. The chemicals and the thickener are 
dissolved in cold water and removed from the fabric, otherwise, the hot water will 
make the unfixed dye stain the unprinted areas [98]. Hence, the hot washing should 
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be applied after cold washing. In general, hot washing is applied with a surfactant 
[59]. The aim of hot washing step, at which the temperature is suggested to be at 
least 95 
o
C, is to remove the hydrolyzed dye efficiently. In reactive printing it is 
possible to apply thermofixation instead of steam fixation. The washing steps are 
also applied after thermo fixation [98]. 
Thickener application or washing after printing is not required if pigmented ink 
formulations are used for ink jet printing. Satisfactory fastness values are obtained 
after thermo fixation [59].  The summary of the fixation types and washing 
conditions for cotton fabric is given in Table 4.5. 
Table 4.4 : Post treatment processes applied to cotton fabrics [59]. 
Ink Type Fixation Type Washing Conditions 
Reactive Saturated steam at 102 
o
C for 8 
minutes 
1-Cold washing 3 minutes 
2-Hot washing 5 minutes with 2 
g/L appropriate surfactant  
3- Warm or cold washing 
Reactive Thermofixation at 160 
o
C – 200 
o
C  for 1 – 4 minutes 
1-Cold washing 3 minutes 
2-Hot washing 5 minutes with 2 
g/L appropriate surfactant  
3- Warm or cold washing 
Pigment Thermofixation at 170 
o
C for 4 
minutes 
Washing is not required 
4.6 Problems in Ink Jet Printing of Cotton Fabrics 
4.6.1 Problems arising from cotton fibers 
A mature cotton fiber has a bean- like cross section and has a thicker cell wall. 
However, this cell wall does not exist in a dead fiber. Other than mature and dead 
fibers, there are also immature fibers. Although an immature fiber has a secondary 
wall, it is thinner than usual which leads in high elasticity. This phenomenon results 
in neps at ginning, opening and cards. During dyeing or printing these neps resist to 
be colored and appears as a white spots on a dyed or printed fabric [87].  
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 Distinction between dead fiber and immature fiber is crucial. Both of them are 
colored lighter than mature fiber, however immature fiber reacts with mercerization 
solution and swells.  
White or slightly colored spots arising from the immature or dead fibers may occur 
as follows [87]:  
1- The neps attached to the surface of a fiber are flattened during the processes 
applied to the fabric. Although the neps have the same color with the fabric, their 
brighter appearance from certain angles is due to their flat surface.  
2- The neps may prevent fabric being colored at the points where they are attached 
to the fabric. Generally, the neps are attached weakly to the fabric and may be 
removed during the processes, which results in uncolored or slightly colored 
spots on the fabric.  
3- The neps and the fabric may not have the same shade after the dyeing.  
Neps formation or defaults arising from neps can be reduced at several stages of 
production. Particularly at blowroom, some adjustments are applied to reduce or 
prevent neps formation. It is crucial to remove prior to cards because, once the neps 
pass from the main cylinders of cards, they will appear at the next products, such as 
yarn or fabric.  
The pretreatment has less effect on immature or dead fiber. However, the effect of 
mercerization on immature fibers is due to their secondary walls, which swell during 
mercerization. The dye uptake of immature fibers also increases. On the other hand, 
the dead fibers do not effected from mercerization, since they do not posses 
secondary wall [87, 99].  
The dye selection for dyeing and printing has key role. The dyes can vary according 
to their dyeabilities of the immature fibers. Mercerization or similar processes are 
incapable of preventing the white or lighter shade spots arising from dead or 
immature fibers. Therefore, dye selection gains more importance as a good 
alternative.[ 87, 99]    
The dyeability of the cotton fibers obtained from different sources may also vary. For 
this reason, it is recommended to supply the cotton fibers from the same source as far 
as possible [87].  
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Cotton consists 96 % of cellulose and the impurities are required to be removed 
during pretreatment processes. The fats, oils and the waxes are removed with alkali 
and surface active agents at acceptable levels. Pectin and similar compounds are 
become soluble with the alkali applications. Also, the amino acids dissolve through 
their salts after the alkali processes. However, in traditional alkali processes, 
minerals of complex compounds containing heavy metals are not removed properly 
because of the high alkalinity of the medium. In addition, cellulose fibers swell 
rapidly in the alkaline pH range, which keeps the minerals at the center of the fiber. 
Demineralization process with organic or inorganic acids gives more effective results 
compared to alkali processes. However, although the acid application is efficient, 
their application onto the cotton has several advantages. These could be the corrosion 
of the machinery, difficulties related to working with acids, and the most important is 
the cotton fiber damage. To eliminate these advantages, strong cross-linking agents 
or cross linking agents with organic buffer systems are developed [87, 99]. 
4.6.2 Problems arising from yarns 
Approximately the 25% of the faults are yarn originated. The fundamental yarn 
parameters can be listed as follows [87]:  
• Court 
• Twist 
• Twist Direction 
• Strength 
• Type of the Yarn 
• Elongation 
• Rate of Humidity 
• Hairiness 
• Evenness  
• Impurities 
• Fiber Composition 
• Single or Plied Yarn 
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Some of the typical yarn faults are [87]: 
• Neps 
• Thin or Thick Places 
• Weak Places 
• Count Variation 
• Hairiness 
• Dyeability Variations 
Dyeability variations may depend on the following factors [87]:  
• Immature Fibers 
• Dead Fiber 
• Vegetable or the other impurities  
• Faulty twist  
• Bad Splicing 
• Neps 
• Count Variations 
4.6.3 Problems arising from fabrics 
The fabric types can be discussed under three categories: Woven fabrics, knitted 
fabrics and nonwovens. Each fabric categories has sub categories, such as twill, 
plain, sateen for woven fabrics, and single jersey, rib or interlock. 
Possible faults that may be encountered at printing processes are listed below [87]: 
• Tension variations at warp and weft ends; 
• Counts, twist, twist directions, hairiness, fiber blend of wefts and warps; 
• Variable warp densities (false threading, missing warps, double warps); 
• Thicker selvedges than the fabric ground; 
• Faults during weft insertions or beating up; 
• Variation at the amount of size; 
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• Different drying levels after sizing; and  
• The fly fibers or the foreign fibers woven within the fabric.  
The structure of knitted fabrics consists of different types of stitches, which are 
formed by needles.  The faults, which are encountered at the production of the 
knitted fabrics and affecting the ink jet printing, are listed below [87]: 
• Unevenness of yarns 
• Variations in the basic parameters of yarns, such as count, twist, twist direction, 
hairiness, blend ratio. 
• Fly fibers 
• Variations in knitting machines 
4.6.4 Problems arising from pretreatment processes  
Flow diagram of  a typical Finishing processes are shown in Figure 4.2 [87].  
 
 
 
 
 
  
 
 
Figure 4.2 : Finishing processes applied to the cotton before and after printing [87]. 
4.6.4.1 Problems arising from singeing 
Singeing is a process of burning the fibers protruding on the surface of the fabrics in 
order to have smoother surface. The process can be applied both to fabrics and to the 
yarns. However, it is mostly applied to the woven fabrics. The fabric should be dry 
during the singeing, for this reason, it is preferably applied before wet processes. 
Hence, singeing is the first process. Immediately after the passage of the fabric from 
burning region, it is immersed into water to prevent from inflammation. In most 
mills, desizing bath is preferred instead of water, so that desizing takes place while 
preventing from inflammation. Singeing is particularly important for fabrics to be 
Singeing Desizing Scouring Bleaching 
Mercerizatio
n 
Chemical 
Finishing 
Printing 
Mechanical 
Finishing 
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printed in terms of sharpness. Also, the fabric looks brighter [99]. Without a singeing 
process, the hairs on the fabric protrude unevenly and this results in cloudy 
appearance after coloration. It is possible to reduce the risk of such fault after the 
application of singeing. The faults encountered during singeing depend on the 
parameters such as, the speed of the fabric, flame intensity, fabric-flame distance, the 
moisture amount of the fabric. For example, low flame intensity, high fabric speed 
and the long distance between the fabric and flame will result in inadequate singeing 
effect. Also, the high moisture amount of the fabric again effect adversely on the 
singeing results. For this reason, excess moisture on the fabric is removed on the 
drying cylinders in order to get a homogenous moisture distribution on the fabric. On 
contrary, high flame intensity, low fabric speed and the close distance between fabric 
and the flame damage the fabric [87]. 
4.6.4.2 Problems arising from desizing 
Sizing is applied to warp yarns to increase their strengths against mechanical forces 
during weaving. Also, the size provides lubricity and thus enhances the weaving 
performance [99].   
Size materials are classified in two groups: Natural and synthetic sizes. The natural 
sizes include starch and starch derivatives, cellulose derivatives such as 
carboxymethyl cellulose (CMC) and protein based macromolecular film forming 
materials. Polyvinyl alcohol (PVA)., polyacrylates and styrene-maleic acid 
copolymers can be classified in synthetic sizes. In the sizing of cotton warp threads, 
starch and its derivatives are mostly preferred because of their cost efficient 
advantage and satisfactory weaving performances [87]. Beside the sizing chemicals, 
some auxiliaries, such as softeners, lubricants, wetting agents, anti static agents are 
also used to enhance the sizing performance [99]. 
It is also important to have information on the removal methods of the sizes before 
the application. The sizes, their characteristics and removal methods are shown in 
Table 4.5. 
There are various methods to remove the size, however the most preferred method is 
enzymatic removal. The starch molecules are digested into water soluble, smaller 
hydrocarbon molecules by amylase enzymes. 
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Table 4.5 : Sizes, their characteristics and removal methods [99]. 
Size Type Characteristics Removal Methods 
Starch and derivatives Fragments in water Enzymatic Oxidative 
Acrylate,  PVA, CMC Water soluble  Swells in water 
Special acrylates, polyester Resists to water Neutralization, 
dispersion 
Although the method is environment friendly, the combination of the method with 
other processes is difficult due to the sensitivity of the amylase to pH ranges [99].  
The most encountered fault in enzymatic desizing is inadequate removal of the size 
material. The reasons may be the improper pH value and temperature of the size 
bath. In addition, some reasons such as, low activity or the deactivation of the 
enzymes, less time than required, result in inadequate desizing effects [87].   
Inadequate removal of the size causes severe problems in scouring process due to the 
caustic. Moreover, inadequate cylinder pressure and the chemical concentrations in 
the bath result in uneven desizing [100]. 
4.6.4.3 Problems arising from scouring 
Cotton fibers possess hydrophilic characteristics, however, the hydrophobic material 
such as, oils, waxes, pectin, beside the cellulose, prevent cotton wetting properly and 
thus wet processes become difficult [99]. The hydrophobic impurities should be 
removed to obtain proper wet processes. Such impurities are removed by 
saponification in an alkali medium or by enzymes in scouring process.  
In general, the processes listed below are achieved during scouring.: 
• Suitable oils, fats and the waxes are removed through saponification. 
• Pectin is removed through water soluble sodium pectinate 
• Proteins are decomposed in alkali medium and removed through amino acids and 
ammonia.  
• Alkaline earth –metals such as calcium and magnesium, and heavy metals such as 
iron and copper are removed by chelating agents.  
• The other waxes and the oils are removed through emulsification.. 
• The process oils from knitting and weaving are removed.  
• Cellulose molecules having low molecular weight are removed [87] 
 52 
In the removal of oils and waxes, caustic application is the most preferred method. 
One of the most important parameters is the concentration of the caustic. An extra 
care should be taken to the water hardness. Ca++ and Mg++ ions, which determine 
the water hardness, replaces with the Na+ ion of fatty acid and form insoluble 
compounds [99]. These compounds precipitate on the fabric and prevent fabric from 
dyeing. For this reason sequestering agents are used against water hardness. 
Ethylenediaminetetraacetic acid (EDTA) is mostly used chemical for this purpose. 
Sequestering agents bind the Ca++, Mg++ and iron or copper ions to prevent 
precipitation of the soap. Beside EDTA, surfactants should also be used. The 
surfactant should have good wetting emulsifying properties in a wide temperature 
range. Also, the surfactant should resist to alkali medium. Inappropriate surfactant 
selection may cause precipitation on the fabric.  
In scouring, temperature and the process time is inversely proportional. It is possible 
to reduce the time by increasing the temperature and vice versa. However, one 
should know that high temperatures result in harsh feel of cotton due to the removal 
of approximately all of the oils and waxes [87]. 
The alkali scouring has various environmental disadvantages. The alkali itself and 
high water consumption to remove alkali from the fabric are disadvantages of the 
process form the environmental aspects. Also the high energy consumptions due to 
the requirement of high temperatures during the process also effects adversely. 
Moreover, the cotton fibers oxidize under the process condition and the strength of 
the fibers are decreases. Hence, enzyme is used in scouring. The conditions for the 
enzymes are milder than the alkali scouring. In enzymatic scouring enzymes 
mixtures including, lipase, protease, pectinase and cellulase, are used. According to 
the research results, pectinase is the most suitable enzyme for this purpose [101-103].  
The most likely reasons of inadequate or uneven scouring results are listed below:  
• Insufficient chemical concentration,  
• Inconvenient surfactant for scouring,  
• Inadequate temperature or time,  
• Insufficient washing after the process, 
• Water hardness, or ineffective chelating agents [87]. 
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4.6.4.4 Problems arising from bleaching 
Bleaching is process, which is applied to the cotton fabrics prior to the printing and 
finishing in order to remove the natural impurities giving the cotton fibers yellowish 
color. Cotton fibers become whiter and the absorbency increases. Also, seed residues 
and the impurities are completely removed [87]. However, unlikely the scouring, 
bleaching is the removal of the colored substances by oxidizing chemicals after a 
series of chemical reactions. Hence it is different from the scouring [99]. 
The importance of the whiteness of the cotton fabric after bleaching depends on the 
colors which fabrics are intended to be dyed or be printed. If the fabric is intended to 
be used completely white or to be dyed light colors, whiteness become crucial 
parameter. However, when the colors get darker, whiteness has less importance. At 
this point, the cleanliness and the metal content of the fabric step forward [87]. 
Bleaching can be achieved with different oxidizing chemicals. However, most 
preferred chemical is hydrogen peroxide. Sodium hypochlorite or sodium chlorite is 
no longer applied for bleaching because of environmental aspects. Also, chlorine 
dioxide, a product of sodium chlorite bleach, is a toxic gas. Moreover, it gives 
reaction with other chemicals resulting in explosive compounds during storage. 
Hence, the chlorine compounds are ceased from applying for bleaching [87, 99]. In 
last decades, different bleaching agents are studied in some researches. Peracetic acid 
is one of the most important bleaching agents. In addition, glucose oxidase enzyme is 
also used for enzymatic bleaching successively.  
Important parameters should be taken into consideration during hydrogen peroxide 
bleaching. These are: 
• The concentration of hydrogen peroxide  
• The concentration of alkali 
• pH 
• Temperature 
• Duration 
• The quality and the structure of the material 
• Water hardness and the other impurities 
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• The concentration and characteristics of auxiliaries. 
• Whiteness level  
• Bleaching equipment. 
There are two approaches for the concentration of hydrogen peroxide:  
1- Concentration over the textile fabric weight 
2- Concentration over the bleaching bath weight. 
The first approach determines the last whiteness level of the fabric, if all the other 
factors are constant. To obtain a satisfactory whiteness, it is required to have 
adequate amount of peroxide initially [87].  
In peroxide bleach, neutral peroxide is not an effective bleaching chemical, for this 
reason, alkali should be added in order to increase pH level of the solution in order to 
obtain perhydroxyl ions, which are the active bleaching chemicals. Moreover, alkali 
is required for a rather stabilized pH value. On the other hand, alkali medium leads to 
degradation of peroxide and fiber damage. The whiteness level increases as the pH 
increases at a certain degree. At pH 9, the fiber damage is minimum. However 
whiteness level decreases after pH 11 and fiber is damaged substantially. Hence, the 
optimum acceptable pH range is between 10.2 and 10.7. At lower pH values, the 
solubility of sodium silicate, which is used as a stabilizer, decreases.  
Increasing the temperature will increase the whiteness. However, it is likely that the 
polymerization degree of the cotton will drop at high temperatures. Also, the oils, 
fats and waxes will be removed efficiently at 110
o
C and this will result in harsh feel 
of cotton.  
The certain amount of impurities such as magnesium and calcium have key role at 
stabilization. On the other hand, iron, copper and manganese results in catalytic 
decomposition of peroxide and consequently, the damage of the fibers. Thus, the 
usage of stabilizer is inevitable in peroxide bleaching [87]. 
The most encountered problems in peroxide bleaching is low whiteness degree, 
uneven whiteness, harsh feel, fiber damage, pin hole problems. Low hydrogen 
peroxide concentration, low alkali concentration, lower pH values, sodium acetate 
residues after neutralization results in lower whiteness levels. Also, improper 
surfactant, water hardness, improper feeding of the chemicals, foam formation in the 
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liquor and misuse of defoamers, improper washing sequences lead to uneven 
whiteness. In addition, uneven temperature distribution in the bleaching bath also 
results in uneven whiteness. Fiber degradation or loss of strength may be 
encountered due to metal contamination of the bleaching bath. The most typical 
damage encountered in bleaching is pin hole formation. The cause of this kind of 
fault is most likely the heavy metals. Demineralization of the water, removal of metal 
impurities and suitable sequestering agents should be used in order to prevent from 
this fault. Moreover, inadequate stabilization of peroxide, high temperature, long 
process durations, and high pH values also give damage to the fibers. 
4.6.4.5 Problems arising from mercerization 
Mercerization is the treatment of cotton with high concentration of sodium hydroxide 
solution. The process was first introduced by John Mercer, who proved the swelling 
of the cotton under high concentration of sodium hydroxide, in 1884 [99].  
The bean like cross sectional shape and the natural spirals along the length of the 
cotton disappear after mercerization treatment. The fibers swell and obtain a 
cylindrical shape of a circular cross section. Consequently, the surface of the fiber 
becomes smoother and brighter.  
Mercerization adds more properties to the cotton fiber: 
• Increasing the dye affinity  
• Increasing the chemical activity 
• Increasing the dimensional stability 
• Increasing the strength 
• Better fabric handle 
• Better appearance of the fabric 
Mercerization can be applied in different ways. As it can be applied to fibers, yarns 
and raw fabric, it also can be applied at any stage during pretreatment. For instance, 
it is possible to apply at high or low temperatures, after desizing, scouring or 
bleaching. It may be applied either under a certain tension or without tension. If the 
tension is applied the brightness increase, whereas dye affinity and strength increases 
in the application of without tension. Mercerization is more effective in fiber 
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applications than in yarn or fabric forms. It is stated that, the sodium hydroxide 
solution penetrates to fiber easier than to fabric and yarn forms due to their compact 
forms [87].  
Mercerization is applied mostly after the bleaching process consists of the following 
stages:  
• Padding the fabric into the alkali solution 
• The penetration of the alkali into the fibers and swelling of the fibers 
• Application of tension in order to get brighter results. 
• Rinsing thoroughly for the removal of the alkali [87] 
Sodium hydroxide concentration can be controlled properly in mercerization of the 
dry fabrics. However, mercerization follows a wet process, thus the wet fabric comes 
to the mercerization equipment and water in the fabric will cause drop in the alkali 
concentration. For this reason, it is required to prepare more concentrated sodium 
hydroxide solution. In order to obtain a proper mercerization effect the concentration 
of the solution may be between 20% - 25% [99]. The optimum temperature changes 
between 21 – 38oC.  
One of the most common faults of mercerization is low mercerization degree of the 
fabrics. The most likely reason of this fault is the low concentration of the sodium 
hydroxide. Also, improper wetting agent, improper temperature and low duration can 
result in the same fault. Uneven mercerization may be due to uneven distribution of 
the temperature, moisture of fabric and alkali concentration. Uneven mercerization 
can appear along the fabric. The most likely cause of this fault is the drop of the 
concentration of the solution by time. On contrary, if the temperature rises, 
unevenness along the fabric also appears. Low sodium hydroxide concentration, low 
penetration of the solution to the fabric, inadequate contact time, and tension result in 
low brightness [87, 99]. 
4.6.4.6 Problems arising from ink jet printing technology 
 The faults encountered in ink jet printing depend on various causes. The 
characteristics of the fabric to be printed and the dye properties are main parameters. 
In addition, ink jet printing is affected by external factors, such as the temperature 
and the humidity of the environment of the printing department. Even if the same 
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fabric is printed under the same conditions like, the same printer, the same inks, but 
in different medium, the quality of the prints varies. For that reason, not only do the 
causes depend on printer itself, but also they depend on the other factors, e.g. fabric, 
ink, the medium.  
Faults encountered in post treatment processes: 
Post treatments applied in ink jet printing are the same as in conventional printing. 
The thermal fixation is sufficient in pigment printing and wash-off sequence is not 
required. However, in reactive printing, usually steam fixation is applied and the 
printed fabrics required to be washed. The faults of post treatment processes are not 
directly related to the printing process.  
One of the most common fixation problems is the yellowness of the fabric due to the 
high temperature or long period of curing. If the temperature is increased, the 
duration should be decreased and vice versa. Usually, 5 minutes at 150
o
C is 
sufficient for fixation of pigment printing.  
In reactive ink jet printing, the fixation takes places under saturated steam for 10 
minutes at 110 
o
C. In steam fixation, some problems may arise due to the 
condensation of the steam. The water marks or drops may be observed on the fabric.  
Inadequate time and temperature may cause drops in the fastness values of the 
printed fabrics. Also, in reactive printing, the unprinted areas may be stained by the 
unfixed dye during washing sequences. One of the main reasons of this fault is 
improper washing sequence after fixation. If the printed fabric is washed directly 
with hot water, the unfixed dye will stain the unprinted areas. In addition, unlikely 
the conventional printing, the thickener agent is applied all of the fabric prior to 
printing, for this reason, staining occurs more easily in ink jet printing. Hence, the 
washing sequence and the temperature of the water play key role.  
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5.  DESIGN AND DEVELOPMENT OF A KNOWLEDGE BASED EXPERT 
SYSTEM FOR INK JET PRINTING OF COTTON SUBSTRATES  
5.1 Design and Development Features of the Expert System 
In this project, expert system software is designed to help ink jet printer users in 
order to diagnose and trouble shoot the problems. A development of an expert 
system is shown in Figure 5.1 [6]. The expert system is structured on the base of the 
interviews between the knowledge engineer and the human experts in the related 
area. The acquired knowledge is then coded into knowledge base of the system. After 
the construction of the system, it is presented to the judgment and the evaluation of 
the human experts until obtaining a satisfactory system depending on the comments 
of human experts.  
 
 
 
 
 
 
 
 
 
 
Figure 5.1 : The general stages of an expert system [6]. 
Representation of the expertise of the human experts plays a key role in the selection 
of methodology to be applied in the expert system. The structure of knowledge 
representation  should possess the followings: 
Human 
Expert 
Knowledge  
Engineer 
Knowledge-base  
Of  
Expert System 
Dialog 
Explicit Knowledge 
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1. Faithful representation of the concepts and the intentions of the experts 
2. Ability to be interpreted by the program correctly and effectively 
3. Understandable explanations for the users  
4. Separation of the knowledge base from the interpretation program to enlarge the 
knowledge base without modifying the interpretation program [6].  
The language, in software, used for coding, has specific syntax, which translates the 
commands. LISP and PROLOG are used to develop expert system shells and 
inference engines. CLIPS (C Language Integrated Production Systems) is an expert 
system tool, which provides an inference engine to execute LISP statements. CLIPS 
is also an efficient expert system development tool and provides an environment to 
build the rule based expert systems. It is also possible to construct object-based 
expert systems with CLIPS [19]. 
The history of the CLIPS starts in 1984 at NASA’s Johnson Space Center. The 
Artificial Intelligence Section had developed several expert systems applications. 
However, only few of these applications were been able to introduced to regular use 
due to the constraints related to LISP which was a base language for almost all expert 
system software tools at that time. There were three problems related to the LISP: 
 Low availability on conventional computers 
 High cost  
 Poor integration of LISP into the other languages.. 
These constraints leaded the Artificial Intelligence Section to use a conventional 
language to overcome the problems. The section created its own C based expert 
system tool and called it CLIPS in 1985.  
Further enhancements and the developments transformed CLIPS into a useful tool to 
develop and delivery of expert systems. For example, Version 5.0 of CLIPS, which 
was released in 1991, introduced two new programming paradigms: procedural 
programming and object-oriented programming. The object-oriented programming 
language provided within CLIPS is called the CLIPS Object-Oriented Language 
(COOL). Version 6.0 of CLIPS, released in 1993, provided support for the 
development of modular programs and tight integration between the object-oriented 
and rule-based programming capabilities of CLIPS. Version 6.2 of CLIPS, released 
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in 2002, added support for multiple environments into which programs can be loaded 
and improved Windows XP and MacOS development interfaces [15]. 
CLIPS can enable with the systems includes ANSI compliant C or C++ compiler. 
Moreover, it possible to use CLIPS with in languages such as Java, C, FORTRAN 
and ADA [6 ,15,19]. 
Inference methods of the systems could be in three ways: forward chaining, 
backward chaining, and bi-directional chaining. Chaining means that the conditions 
are shared between the rules, that is to say, the same condition is evaluated for all 
rules. In forward chaining, which is employed by CLIPS, inference starts with the all 
supplied data in the system and inference rules are used to extract more data until the 
goal is accomplished [15]. The new data may be input by an end use. A rule is 
similar to IF-THEN  structure. Inference engine scans the inference rules in order to 
find a rule matching the fact with the antecedent (IF clause).  When found it can 
infer, the consequent (THEN clause), resulting in the addition of new information to 
its data [19]. The following example in Table 5.1 is given to clarify the forward 
chaining approach. Suppose, there is an unknown fiber to be dyed, and the fiber 
dissolves in boiling nitrobenzene. 
Table 5.1 : Forward chaining.  
Rule 1: If a fiber dissolves in boiling nitrobenzene, then the fiber is polyester 
Rule 2: If a fiber dissolves in sulfuric acid, then the fiber is cotton 
Rule 3: If a fiber dissolves in cold acetone, then the fiber cellulose acetate 
Rule 4: If the fiber is polyester, then use disperse dyes  
Rule 5: If the fiber is cotton, then use reactive dyes 
Rule 6: If the fiber is cellulose acetate, then use disperse dyes 
As soon as this fact is introduced to the system, the inference starts with searching 
the rule of which antecedent is satisfied with the fact that the fiber is soluble in 
boiling nitrobenzene. The rule 1 will be active with the presentation of the fiber and 
produce another fact regarding to its consequent, which is the fiber is polyester. Input 
of the new fact will trigger the rule 4 and produce the consequent of disperse dyes 
should be used for coloration of polyester which was unknown fiber initially. Since 
this method uses data to reach the goal, it is also called data-driven [104]. 
Backward chaining, also called goal-driven, starts to inference in opposite direction 
to forward chaining. The rules in Table 5.1 may also be used as an example for 
backward chaining. Suppose that we input the fact that there an unknown fiber, 
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which dissolves in boiling nitrobenzene, to be dyed, and we want to find out the dye 
type. This time, the system searches the rules that have consequents related to the 
dye type.  Rule 4, 5 and 6 is triggered due to the existing dye types in their 
consequents. These rules, then, input their related antecedents into the system as the 
new goals: The fiber is polyester, cotton or cellulose acetate. The system, this time, 
searches the rules that have fiber types in their consequents. With the fact that, the 
unknown fiber is soluble in boiling nitrobenzene, the system concludes that the 
unknown fiber is polyester. Since the polyester is the fiber type, then disperse dye is 
selected for dyeing. In bi-directional chaining, the rules operate in both ways [6, 
104].  
The basic components of an expert system were mentioned in Chapter 2. It would be 
beneficial to discuss the components in details here. The main components of an 
expert system are shown in Figure 5.2 [105].   
 
 
 
 
 
 
 
 
 
Figure 5.2 : The main components of an expert system [106]. 
The domain knowledge is acquired from the experts in the related area by the 
knowledge engineers. The main part of the expert system is the representation of the 
knowledge or the expertise gathered from the human experts. The human experts do 
not necessarily have knowledge about software development. However, knowledge 
engineers transfer the domain knowledge gathered from the experts into the expert 
system and form the knowledge base.  The knowledge may be represented as an 
embedment in the knowledge base and as an embedment in data base in the forms of 
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data, facts and statements to support the expert knowledge. The knowledge base is 
mainly consists of rules, hence an expert system may be defined as knowledge-based 
or rule based system. In CLIPS, the rules can be created to handle probability at a 
certain point by the certainty factors or salience.  
The inference engine is the programming that tests the rules in sequences or 
according to their salience in order to get a conclusion. It also interacts with the user 
interface in the case of new data input. The inference engine validates the rules either 
by the forward- or backward-chaining method. In CLIPS the inference engine 
employs forward – chaining method [106].  
5.2 Building the Knowledge Base 
The knowledge base construction includes various steps. These are: determining the 
symptoms in ink jet printing of cotton fabrics, determining the possible causes of the 
symptoms, determining relationship between the symptoms and the causes through a 
web-based survey and/or Excel, evaluating the survey. 
In order to determine the most frequently encountered problems in ink jet printing of 
cotton substrate, the literature was reviewed thoroughly, and also a series of 
interviews were made with few experts. After the interview, a preliminary list of 
symptoms is generated as shown in Table 5.2.  
The preliminary list of the symptoms was then modified according to the comments 
of the experts. Based on the comments, the symptom of “Poor Fastness” was detailed 
into two fastnesses: crock and wash. Also, symptom of “Local White or Pale areas” 
was added to the list shown in Table 5.3.  
Table 5.2 : Preliminary list of the symptoms. 
1. Head Strike 
2. Incorrect or Missing Color 
3. Ink Drips 
4. Banding 
5. Distortion or Skewing 
6. Bleeding or Wicking of Ink 
7. Misaligned Prints 
8. Shade Variation 
9. Poor Fastness 
10. Color Intensity Problems 
11. Poor Sharpness 
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Table 5.3 : Second list of the symptoms. 
 
 
 
 
 
 
 
 
 
 
 
Based on the further comments of some experts, the final list of the symptoms was 
created as in Table 5.4. One of the suggestions of the experts was to separate the 
second symptom S2, and combine with S3 due to the similarity of incorrect color and 
ink drip faults. Hence, S2 and S3 became “Missing Color” and “Incorrect Color or 
Ink Drips” respectively. Also, S8 and S11 were combined since they refer to the 
similar faults. Depending on the notifications of the experts, “Fabric Yellowing” was 
also added to the symptoms list. This list was accepted as the most encountered 
symptoms in ink jet printing of cottons.  
Table 5.4 : The final list of the symptoms. 
 
 
 
 
 
 
 
 
 
 
 
1. Head Strike  
2. Incorrect or Missing Color 
3. Ink Drips 
4. Banding 
5. Distortion or Skewing 
6. Bleeding or Wicking of Ink 
7. Misaligned Prints 
8. Shade Variation 
9. Poor Crock Fastness 
10. Poor Wash Fastness 
11. Color Intensity Problems 
12. Poor Sharpness 
13. Local White or Pale Areas 
S1. Head Strike  
S2. Missing Color 
S3. Incorrect Color or Ink Drips 
S4. Banding 
S5. Distortion or Skewing 
S6. Bleeding or Wicking of Ink 
S7. Misaligned Prints 
S8. Fabric Yellowing 
S9. Poor Crock Fastness 
     S10.Poor Wash Fastness 
     S11.Color Intensity Problems/ 
Shade Variation 
     S12.Poor Sharpness 
     S13.Local White or Pale Areas 
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The explanations and the pictures of the symptoms are given below: 
Head strike, is the contact of fabric with printing head because of any factors. The 
most common reason of this fault is the maladjustment of the distance between the 
fabric and the ink jet head. The distance also affects the sharpness of the design; 
hence it requires to be adjusted to an optimum level. However, it is possible to 
encounter with this fault, even the distance adjustment is achieved properly. The 
creases on the fabric decrease the distance between the fabric and the head, which 
increases the possibility of the contact. The fabric feeding system also may cause this 
fault if the feeding is achieved improperly. In addition the hairiness of the fabric may 
cause head strike. The long protruding hairs may touch to the head and colored with 
the ink. Also, the fly fibers on the ink jet head may cause head strike. In Figure 5.3, a 
picture of head strike fault is shown as an example.    
 
Figure 5.3 : Head strike. 
In the case of this fault, the distance between the ink jet head and the fabric should be 
controlled whether it is adjusted accordingly. If the distance is adjusted correctly, the 
feeding system should be checked. The feeding system should not cause any 
embossment or crease during feeding the fabric to the printing region. Moreover, the 
head should be cleaned from lint or fly fibers. In addition, prior to reactive printing 
of cotton fabrics, the thickener may give stiffness to the fabric, and consequently, the 
fabric may not adhere to the blanket. Thus, head strike may occur.  
Missing Color is usually characterized with spots having ground colors. The most 
important cause of the missing color is the fly fiber. Fly fibers attach to the fabric and 
proceed to the printing region. At the following stages, weakly attached fibers may 
be removed and leave colorless spots on the fabric (Figure 5.4a). A colorless line 
may also be observed instead of a spot. This is most likely because of an ink jet head 
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clogging. Also, fault of an original design is printed directly to the fabric. Hence, in 
the case of missing color, the design itself should be checked for the colorless spots.  
Incorrect color or ink drips are the colored spots on a different colored part of the 
design. The fault may also appear as a darker colored spot than the original color. Ink 
drips may occur due to the lint or fibers on the ink jet head (Figure 5.4b). Lint or the 
fibers will restrain the ink from a proper injection. Also, the stained fiber may fall on 
the fabric and leads to staining of the fabric. Another rare cause may occur when 
pigmented inks are applied to the fabric. The pigmented inks tend to dry faster than 
the other ink types. This phenomenon results in clogging of the nozzles. During the 
printing the clogged nozzles may open and inject ink more than usual. The 
fundamental reasons of the faults explained above are the cleanliness of the ink jet 
heads and the environment. If the environment is not cleaned properly, the impurities 
will inevitably attach to the ink jet head. Also, the cleaning materials such as rubbers 
are required to be cleaned regularly.  
 
(a)                      (b) 
Figure 5.4 :  Spot faults: (a)Missing Color.  (b)Ink Drips. 
Banding is the widthwise lines which occurs during printing (Figure 5.5). The most 
encountered reason of banding is the clogged or the damaged jets. In addition, fabric 
feed timing has a key role in banding. The synchronization of the lateral movement 
and the feeding speed should be adjusted precisely. Banding is encountered mostly 
with pigmented ink formulations. The fabric structure also affects banding forming. 
High spandex content may cause slippage during feeding, hence the feeding of these 
kinds of fabric should be performed carefully. Banding may be removed after the 
cleaning of the of the ink jet heads. Banding may not be removed due to some major 
damages of the ink jet head. It is required to replace the ink jet heads.  
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Figure 5.5 : Banding. 
Distortion or skewing is characterized with bending or twisting of the edges of the 
fabric (Figure 5.6). This symptom is occurred when the feeding system of the printer 
runs improperly. Particularly, high tensioning of fine fabrics might result in this fault. 
To overcome this symptom, it is suggested to adjust the feeding systems according to 
the structure of the fabric, such as fabric weight, warp and weft densities.  
 
Figure 5.6 : Distortion or skewing. 
Bleeding or wicking of ink is characterized with the loss of the sharpness due to the 
migration of the ink (Figure 5.7). This is a typical fault, which occurs because of 
excessive ink injected onto the fabric. The reason of excessive ink is the wrong color 
profile, which is selected for an unsuitable fabric.  In order to get an optimum result, 
printing profile should be generated for all types of fabric to be printed. However, it 
is not preferred due to the cost and time concerns. 
 
 
 
 
 68 
 
Figure 5.7 : Bleeding. 
The printer companies select the best profile, which meets the requirements. 
However, the selected profile might not be suitable for the fabric and bleeding may 
appear. The fabric structure also plays a key role in bleeding. Especially in the 
fabrics having minimum number of interlacing points, such as in sateen, the 
capillarity between the yarns leads to bleeding. A suitable profile should be selected 
or the proper amount of the thickening agent should be applied. 
Misaligned prints are the symptom characterized by misalignment of the print design 
on the fabric as shown in Figure 5.8. This symptom may be encountered not only 
because of the maladjustment of the print head, but also it may occur due to the 
feeding problems. Moreover, the distance between the fabric and ink jet head also 
may effect on the alignment of the design of the print.  
 
Figure 5.8 : Misaligned prints. 
Fabric yellowing is a symptom mostly related to the post treatment of the cotton 
fabric. Especially the fault is encountered in the heat related processes such as curing 
or fixation. Either the excessive curing temperature or the curing period may affect 
adversely on the cotton fabric and results in yellowing. Also, it is commented by 
some experts that if there is chemical residue such as polymers used for sizing, the 
yellowing  may be encountered. The solution for this kind of fault is to adjust the 
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curing and fixation temperature with the consideration of the fabric structure. A 
sample of the fault is shown in Figure 5.9. 
 
Figure 5.9 : Fabric yellowing. 
Poor crock fastness is mostly a post treatment related symptom and expected to be 
encountered when the colorant not fixed properly. This mostly because of inadequate 
fixation time of the substrate. Also, in reactive ink jet printing, it may occur due to 
the inadequate wash-off the fabrics after fixation. The unfixed reactive dye may 
result in poor crock fastness. To correct this fault, it is suggested to choose suitable 
fixation parameters and apply wash the unfixed reactive dye thoroughly (Figure 
5.10).  
 
Figure 5.10 : Poor crock fastness. 
Poor wash fastness is similar to the crock fastness, occurs when the fixation 
parameters are not suitable for the fabric or the colorant. Moreover, especially for 
reactive ink jet printing, wash-off has a key role in this symptom. If the washing 
sequence, which starts with cold water, is not applied properly, the dye may not be 
removed completely and leads in both poor wash fastness and staining of the fabric 
(Figure 5.11).  
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Figure 5.11 : Poor wash fastness. 
Color intensity problems or shade variations is having lower color intensity than the 
original design as seen in Figure 5.12. The most likely causes of this fault might be 
related both with post treatment processes or ink jet printer set up, such as profile. 
Particularly, the steaming or curing temperature and time play key role in the fixation 
of the dyes. Inadequate time or low temperature may result in color intensity 
problems. Also, printing under incompatible color profile might cause the same 
problem. Especially in the printing departments it is more common to use the same 
color profiles for similar types of fabric. It is also commented that, color intensity 
problems might occur because of inadequate desizing. In this case, especially in 
reactive ink jet printing, the ink will interact with the size at the surface of the fabric 
and during the wash-off, and the size will be removed.  
 
Figure 5.12 : Color intensity problems and shade variations. 
Poor sharpness is a characteristic fault for ink jet printing. It is more visible on the 
designs having numbers or letter characters. It is characterized with the blurry edges 
of the designs (Figure 5.13). The most likely cause of this symptom is the higher ink 
jet head and the fabric distance. The ink drops may scatter due to the high distance 
and the air disturbance. Thus, this may result in poor sharpness. Also, in reactive 
printing, the concentration of the thickener may be insufficient for the ink printing 
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process and may lead the loss of sharpness of the designs. Also, high ink load and 
wrong profile may result in poor sharpness on the design. Regarding to these causes, 
the solution for this symptom may be to choose the right profile, to apply suitable 
amount of thickener at a proper concentration. Moreover, it is also suggested that the 
hairiness of the fabric may result in poor sharpness. In this case, the singeing before 
the printing may solve the problem.  
 
Figure 5.13 : Poor sharpness. 
Local white or pale areas may arouse during steam fixation of the reactive ink jet 
prints. As it is shown in Figure 5.14, this symptom is characterized with the pale 
areas on the design. One of the most likely reasons for this fault is the location of the 
fabric in the steamer. Also, low steaming temperature may result in water drops in 
the steamer, which then may result pale areas after the contact with the unfixed dye 
on the fabric.  
It is also likely to encounter with this fault in the case of incomplete removal of the 
process oil prior to printing. Since the oils spots make the region hydrophobic, the 
stained area may stay uncolored. 
 
Figure 5.14 : Local white or pale areas. 
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The next step of development of the knowledge base is determining the possible 
causes of the symptoms, which are explained above. The determination of the 
possible causes is examined and categorized in details in the following sections.  
5.2.1 Ishikawa (Fishbone) diagram approach 
The next step of development of the knowledge base is determining the possible 
causes of the symptoms, which are explained in previous chapters. In the analyze of 
the factors affecting the ink jet printing, Ishikawa Diagram approach is adopted. The 
method is also known as Cause-and-Effect Diagram or Fishbone Diagram. The 
method was first implemented by its creator Kaoru Ishikawa in 1960 and is used to 
study the possible causes of a problem. In this research, six main branches are used 
to investigate the causes and the effects in ink jet printing. Each main branch is 
reserved for a main parameter and they placed according to the process flow. Each 
main parameter is detailed to sub-factors, which are placed according to the degree 
of their influences. In Figure 5.15., the influences of the factors are decreases by the 
direction of the arrows. 
 
 
 
 
Figure 5.15 : Placement of the factors 
The placements of the main factors and the sub-factors are shown on the fishbone 
diagram in Figure 5.16. The main factors are:  
•Human factor 
•Material 
•Pretreatment 
•Ink jet printing 
•Post treatment 
•Equipment 
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5.2.1.1 Human factor 
Human factor is an important parameter in a labor intensive industry, such as textile. 
Compared to conventional coloration technologies, such as dyeing or screen printing, 
ink jet printing is rather a new technology. Hence, the technology is still developing. 
The operators need to be adjusted to this fast developing technology.  
Although ink jet printing is product of high technology, human factor is still plays a 
key role and is the element of the other five main factors. Thus, this parameter is 
placed as a first branch in the fishbone diagram and consists of two main sub-factors, 
namely personnel and standard operating procedure (SOP) as seen in Figure 5.17. 
The factors related to personnel consist of communication (e.g. language, 
personality), experience (e.g. qualification, knowledge, and age), incorrect settings 
(e.g. mood, human error), integrity (e.g. perception, quick response, carefulness, 
cautiousness, self-control). The language plays a key role particularly in the solution 
of the faults while searching an international aid. Since the ink jet printing is rather 
new and product of high technologies, qualification of the operator gains more 
importance than age. Not only should the new employees be trained, but also the 
operators and the technical personnel are required to be trained regularly since 
training is an ongoing process. It is very crucial for the employees to obey the SOPs 
and the work cultures. Thus a harmony will be maintained in the department.
 74 
Figure 5.16 : The main causes affecting the ink jet printing of cotton fabric. 
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Figure 5.17 : Human factor. 
5.2.1.2 Material 
Material is another important parameter that influences the printing. The quality of 
the printing is directly related to the material. In addition to the printer related faults, 
various faults are arisen from fabric or the cotton fibers. Especially the characteristics 
of cotton (e.g. fiber length, color, metal content, maturity, origin) affect the 
properties of the yarns and, consequently the printing quality. The defective cotton 
may cause faults on the fabric. In addition, the faults originated during the production 
of the fabric may affect the print directly or indirectly. Especially fly or foreign fibers 
may cause problems during ink jet printing. In addition, the fabric type should be 
definitely taken into consideration for a successful printing. Warp or weft tension 
variations, twist directions and variations, count variations between the yarns or 
within the yarns, hairiness also affects the print quality and may cause visible 
problems on the printed fabrics. Moreover, the quality of the colorants also 
influences the printing results. Particularly, when using refill type cartridges, it is 
crucial to use the same ink type. In Figure 5.18, detailed factors related to material 
are given. 
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Figure 5.18 : Material. 
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5.2.1.3 Pretreatment 
The pretreatment processes play key role in the quality of the prints. As it is shown in 
Figure 5.19, three main factors, namely, preparation for printing, standard 
pretreatment and singeing are detailed to sub-factors. Preparation for printing 
consists of the processes related to the paste application prior to ink jet printing. In 
the case of reactive printing, the urea and the alkali are applied separately via various 
methods, such as screen printing, padding etc., before printing. It is important to 
apply the thickener containing alkali and urea properly to avoid especially color 
related faults. Also, the ingredients of the paste should be dissolved properly without 
any fluctuations in the concentration of the solution.  
The standard pretreatment consists of the wet processes applied to cotton fabrics.    
These are bleaching, scouring, desizing and mercerization. Grey cotton contains 
impurities such as, oils, fats and waxes, which give hydrophobic character to the 
cotton fibers. These impurities should be removed prior to ink jet printing for a 
successful color yield. Thus, scouring and bleaching play key role among standard 
pretreatments. Moreover, the water quality is also crucial for pretreatment of cotton. 
Particularly, the heavy metal content of the water may lead to severe damages to the 
cotton during peroxide bleaching.  
5.2.1.4 Ink jet printing 
In ink jet printing process, beside the printer related causes, the software problems 
also affects the quality of the print. The printer and the software are required to be 
adjusted according to the materials such as fabric or ink. For this reason, profiling is 
suggested for a good quality print. Color profiling is the adjustment of the printer 
according to the ink and fabric. Profiling determines the color gamut of the current 
combination of the printer. In other words, color profile is a kind of file that shows 
the printable colors according to features of the fabric and the ink. Thus, color 
profiles are required to be generated for each different fabric/ink combination. 
Before printing a design on a fabric, the color profile should be selected accordingly, 
so that, the original colors and the printed colors of the design match [106]. The 
detailed factors related to ink jet printing is shown in Figure 5.20. 
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Figure 5.19 : Pretreatment.
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Figure 5.20 : Ink jet printing. 
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5.2.1.5 Post treatment  
Fixation processes are the same in conventional printing and varies according to the 
ink types. The faults encountered during fixation may appear either on the fabric or 
during the use of the fabric. In post treatment, as it is shown in Figure 5.21., curing, 
color fixation, drying, washing off factors are detailed into numerous sub-factors. 
Colorant can be fixed either with thermo-fixation or steam fixation. In both methods, 
the important parameters are, time, temperature, dye reactivity and affinity, fabric 
moisture content and equipment cleanliness. Time and temperature affect the color 
yield and the fixation of the colorant directly. Inadequacy of both parameters will 
result into poor crock or wash fastness. The curing method is applied on to the 
pigmented ink jet prints. The pigments may be fixed by two methods, namely UV 
and thermal curing. Similar to color fixation for reactive dyes, in thermal curing of 
the pigments, time and the temperature are main parameters that affect the fixation 
and consequently the fastness properties. The drying procedure is drying the printed 
material either on or off the printer immediately after printing. inadequacy in drying 
affects the fixation adversely. Washing off is applied to the reactive ink jet prints in 
order to remove the thickening agents and unfixed dye. This stage plays important 
role in fastness properties. An inadequate washing off or the faults may affect the 
fastness properties adversely and also may cause staining on the unprinted regions of 
the fabric. 
5.2.1.6 Equipment 
The possible causes related to the equipments are shown in Figure 5.22. A print 
design is first seen on a visual display unit, such as a monitor. Most of the monitors 
are liquid crystal display. Although it is possible to have high quality images, in most 
cases, it is difficult to get the same colors on the print as it seen on the screen. To 
reduce the color difference between the monitors, and the actual print design on the 
fabric, both the profiling and the calibration of the monitors and the printers should 
be performed carefully.    
Moreover, the quality of the print also depends highly on printer. Particularly, the 
fabric motion systems may cause some problems during ink jet printing. Besides the 
cleanliness and the timing parameters, in the case of belt transfer system, the 
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adhesive amount is also important in proper feeding. The integrated dryers should 
also perform drying properly to avoid further staining on the fabric.. 
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Figure 5.21 : Post-treatment. 
The fixation equipment may also cause some problems. The settings of the stenters 
or the steamers should be adjusted according to the colorant and fabric type. The 
fixation or the curing time should not be exceeded.  
 82 
Figure 5.22 : Equipment. 
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5.2.2 Construction of the survey 
The survey was prepared to gather the expertise of the experts on ink jet printing of 
cotton. The soft copies of the survey were created in both Survey Monkey and in 
Microsoft Office Excel. In addition, the pdf version of the survey was printed out and 
sent to some experts as hard copies.  
The survey consists of 13 main symptoms (Table 5.4) and 61 possible causes of the 
symptoms. The causes are listed in Table 5.5. 
Table 5.5 : The possible causes listed in the survey.  
C1  Foreign fiber C32  Jet failure 
C2  Fly fiber C33  High ink load       
C3 Yarn twist variation         C34 Print-head failure  
C4 Uneven yarn  C35 Misalignment of print head  
C5 Uneven hair protrusion on yarn       C36 Ink delivery system failure         
C6 Variation in warp/weft yarn tension  C37 Lint build-up on print-head         
C7 
Variation in yarn feeding tension in 
knitting        
C38 
Dried ink at the nozzle     
C8 Density variation in the fabric C39 Loss of vacuum in ink tubing        
C9 Inadequate bleaching         C40 Partial nozzle clogging        
C10 Inadequate desizing  C41 Improper fabric feeding timing      
C11 
Incomplete removal of process oil prior 
to printing         
C42 
Slippage during feeding     
C12 Absence or inadequate singeing      C43 Non-uniform fabric edge  / edge type 
C13 
Over-stretching of the fabric during 
pretreatment 
C44 
High fabric tensioning during printing     
C14 Inadequate relaxation of the fabric         C45 Low fabric tension during printing 
C15 
Wrinkle in fabric   
C46 
Pinch rollers are not 
grabbing/advancing fabric properly 
C16 
Concavity / Convexity of fabric 
(embossment, crepe)         
C47 
Low steaming time 
C17 
Fabric wet expansion or shrinkage by 
ink    
C48 
High steaming time 
C18 Meandered or curved fabric C49 Low steaming temperature 
C19 High thickener concentration        C50 High steaming temperature 
C20 Low thickener concentration         C51 Location of the fabric in steamer   
C21 High urea concentration     C52 Too much fabric in steaming roll    
C22 Low urea concentration C53 Too little fabric in steaming roll  
C23 High print head- fabric distance C54 Too high curing temperature         
C24 Low print head- fabric distance C55 Too low curing temperature  
C25 Missing or misaligned edge guide    C56 Long curing period  
C26 Wrong ink selection         C57 Short curing period         
C27 Ink shortage        C58 Inadequate wash-off         
C28 Incompatibility of ink with ink jet head    C59 Wrong wash-off sequence 
C29 
Wrong printer profile       
C60 
High ambient temperature of print 
house 
C30 
Wrong color profile of the image (LAB, 
RGB…)        
C61 
High relative atmospheric humidity of 
print house 
C31  Print file type (JPEG, TIFF…)           
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The participants of the survey were asked to match the causes with the symptoms by 
using one of these expressions: Most likely, Likely, Not sure, Least likely, Not 
related. A sample picture of a part of the survey is shown in Figure 5.23. 
 
Figure 5.23 : Causes and symptoms from the material section of the survey [107]. 
Although the web version of the survey was aimed to be more practical, most of the 
experts did not prefer to take the survey on the web. Hence, the Excel format of the 
survey, which was supported with sample pictures of the faults, was created. In 
addition, both the web and the Excel versions of the survey were translated into 
Turkish for the experts from Turkey. The survey spreadsheet is shown in Figure 
5.24. In the figure only some of the symptoms and the causes are shown. This 
spreadsheet format was welcomed more than the web version. The survey 
spreadsheet consists of columns containing the thirteen symptoms and the rows 
containing sixty one possible causes. Interrelationship between the symptoms and the 
causes are represented in the cells by the dropdown menu including the expressions, 
most likely, likely, not sure, least likely, not related. To make the survey more user 
friendly for the experts, the experts were informed to leave the cells blank in the case 
of the intersecting cause and symptom are not related to each other.  
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Figure 5.24 : The Excel version of the survey with supported sample pictures of the faults. 
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The blank cells were then assigned with “not related” scale. The results, then entered 
to the web in order to take advantage of the features of Survey Monkey.  
5.2.3 Evaluation of the survey 
The survey was responded by 15 experts. The results of the survey evaluated 
according to the some statistical methods. The results given in percentages were first 
transferred from Survey Monkey to Microsoft Excel and evaluated for each symptom 
depending on the response counts. The measurement scales were assigned to 
weighted factors between 0 and 1 as shown in Table 5.6. 
Table 5.6 : Measurement scales and related weighted factors. 
Most likely  0.8 
Likely 0.6 
Not sure 0.5 
Least likely 0.4 
Not related 0.0001 
 The responds of the each participant were replaced with the weighted factors and 
formed a matrix of 61 causes and 13 symptoms. The converted responds of selected 
experts are shown in Appendix A.  
The main aim of the evaluation of the survey is to assign certainty factors (CF) to the 
facts or salience to the rules in the structure of the software. For this reason, the 
survey was also designed to determine the CF’s to be assigned to the facts. In order 
to achieve assignment, it would be useful to determine how confident the participants 
responded the survey, so that it might be possible to assign different weighted factors 
to the individual participants. For example, a participant having a high confidence 
level would be assigned a high factor and vice versa.  
To evaluate the confidence of the participants, a new index named STRESS 
(standardized residual sum of squares) is applied. STRESS is employed in multi 
dimensional scaling techniques (MDS). It is simple to infer on the statistical 
significance of two data sets. It is successfully applied to evaluate the statistical 
significance of two color-difference formulas [108].  
The MDS is a visual representation of the dissimilarities between pairs of objects, 
which are given by a suitable coefficient. The dissimilarities then approximated by 
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distanced between corresponding pairs. The quality of this approximation is defined 
by a loss function yielding the optimal arrangement at its minimum. The usual loss 
function is the so-called normalized STRESS or Kruskal’s STRESS, which will be 
referred as STRESS in the research. The STRESS values changes between the range 
of  0 to 1. Moreover, it is also possible to give the STRESS values in percentages by 
multiplying the Eq. (5.2). Quality assessment depending on the STRESS values is 
suggested as follows: perfect 0%, excellent 2.5%, good 5%, fair 10%, and poor 20% 
[108, 109]. In this research, these quality assessments would be interpreted as the 
responds of the participant is highly confident as the STRESS value of the related 
participant approaches to zero. The STRESS of the expert responds and the mean 
values of the expert responds are defined and calculated according to the following 
equations, which are adapted to this research [108]: 
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 where Ei (E1, E2……E14) is the responds of experts converted into weighted factors 
and Emean is the mean values of the converted expert responds .  The STRESS 
values are calculated in two different approaches:  
1. for each symptom against the mean values and  
2. for total responds against the mean values regardless of symptoms  
by using the Eq. (5.1) and (5.2) in order to evaluate the proximities or the similarities 
between both the experts  and experts – mean values. The results are shown in Table 
5.7. In Table 5.7 the STRESS values are between 0.38 (P9,S1) and 0.99 (P5, S12 and 
P12, S7).  According to the suggested quality assessment, the results show that the 
similarity between the mean values and the responds of the participants is low.  
According to the second approach, instead of evaluating the survey results for each 
symptom, the responds of the participants are accepted as a whole data set, which are 
61x13 matrices. Each matrix is compared with the mean values. Unlike the first 
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approach, second approach produces only one STRESS value for each participant, 
which is shown in Table 5.8.  
Table 5.7 : STRESS values of expert participants versus mean values. 
Table 5.8 :  The STRESS values regardless of symptoms. 
 The experts were also asked their year of experiences in both ink jet and 
conventional printing.  One of the experts (P15) was outstanding with 31 years of 
experience specific to ink jet printing. With this 31-year experience, we also decided 
to accept the responses of this expert as a control responds and to compare the 
responds of the other experts with the responds of P15 by using STRESS. The 
STRESS values of the comparison are shown in Table 5.9. 
In Table 5.9, with the values of minimum 0.44 and maximum 1, the STRESS values 
show that the similarity between the expert P15 and the rest is also poor. 
 
 
 
    Symptoms 
    S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 
P
a
rt
ic
ip
a
n
ts
 (
E
x
p
er
ts
) 
P1 0,65 0,55 0,57 0,50 0,58 0,52 0,53 0,70 0,66 0,66 0,43 0,45 0,57 
P2 0,56 0,75 0,62 0,57 0,66 0,81 0,78 0,44 0,63 0,49 0,55 0,80 0,71 
P3 0,48 0,89 0,59 0,55 0,60 0,77 0,58 0,57 0,56 0,62 0,49 0,81 0,74 
P4 0,54 0,91 0,80 0,71 0,72 0,73 0,70 0,56 0,74 0,76 0,61 0,78 0,82 
P5 0,50 0,54 0,85 0,73 0,86 0,72 0,84 0,75 0,58 0,58 0,69 0,99 0,85 
P6 0,41 0,65 0,66 0,82 0,78 0,77 0,58 0,50 0,54 0,49 0,63 0,76 0,79 
P7 0,53 0,80 0,90 0,71 0,91 0,78 0,69 0,71 0,56 0,52 0,77 0,86 0,62 
P8 0,45 0,75 0,70 0,67 0,56 0,90 0,95 0,76 0,59 0,83 0,69 0,53 0,92 
P9 0,38 0,72 0,58 0,70 0,71 0,76 0,71 0,51 0,54 0,50 0,61 0,78 0,91 
P10 0,70 0,72 0,86 0,81 0,69 0,56 0,83 0,55 0,58 0,55 0,65 0,55 0,66 
P11 0,64 0,70 0,84 0,67 0,74 0,80 0,57 0,54 0,87 0,49 0,60 0,72 0,76 
P12 0,95 0,91 0,91 0,84 0,79 0,88 0,99 0,53 0,98 0,75 0,85 0,95 0,97 
P13 0,80 0,85 0,66 0,77 0,94 0,97 0,95 0,71 0,81 0,67 0,97 0,86 0,92 
P14 0,48 0,59 0,72 0,75 0,78 0,84 0,70 0,52 0,56 0,51 0,66 0,72 0,70 
P15 0.69 0.55 0.80 0.80 0.63 0.65 0.69 0.41 0.53 0.46 0.55 0.73 0.61 
Participants 
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 
0,60 0,64 0,64 0,71 0,71 0,65 0,77 0,75 0,63 0,70 0,74 0,88 0,87 0.67 0.64 
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Table 5.9 :  STRESS values of expert participants versus expert P15. 
  The STRESS values, which are shown above, are rather higher than the acceptable 
limits. This might be interpreted as, based on   their expertise, the approach of the 
each participant to the faults and the possible causes presented in the survey show 
high dissimilarities. Thus, regardless of the participants factors, a weighted average 
of the causes are calculated according to Eq. (5.3) for each symptom, where n1,  n2,  
n3,  n4,  and n5 are the total respond numbers of the measurement scales of most likely, 
likely, not sure, least likely and not related respectively for each causes. 
                                                  (5.3) 
The causes of each symptom is, then, sorted from the highest to the lowest weighted 
average which are calculated according to Eq. (5.3),  The results for each symptom 
are shown below. The weighted averages of the symptoms are shown in Appendix B. 
C24 (low print head- fabric distance), C15 (wrinkle in fabric), C16 (concavity / 
convexity of fabric, embossment, crepe), C18 (meandered or curved fabric), C43 
(non-uniform fabric edge) are the first five possible causes of the S1 (head strike), as 
it is shown in Figure 5.25. 
In Figure 5.26, the possible causes of S2 (missing color) is shown. According to the 
results, the first five possible causes are C2 (fly fiber), C37 (lint built-up on print 
head), C38 (dried ink at the nozzle), C1 (foreign fiber) and C32 (jet failure). 
    Symptoms 
    S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 
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 (
E
x
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) 
P1 0.84 0.82 0.92 0.84 0.86 0.82 0.86 0.83 0.84 0.79 0.75 0.83 0.86 
P2 0.77 0.81 0.93 0.91 0.76 0.80 0.94 0.54 0.74 0.65 0.78 0.93 0.86 
P3 0.78 0.94 0.89 0.79 0.84 0.83 0.79 0.72 0.78 0.70 0.65 0.97 0.87 
P4 0.85 0.92 0.94 0.86 0.87 0.94 0.67 0.71 0.82 0.79 0.69 0.89 0.93 
P5 0.71 0.64 0.99 0.95 0.92 0.88 0.83 0.85 0.66 0.65 0.76 0.98 0.83 
P6 0.77 0.65 0.85 0.98 0.81 0.83 0.82 0.44 0.74 0.70 0.66 0.87 0.79 
P7 0.85 0.94 0.95 0.98 0.94 0.89 0.91 0.74 0.78 0.75 0.76 0.94 0.88 
P8 0.80 0.81 0.83 0.88 0.86 0.93 0.97 0.82 0.65 0.87 0.87 0.84 0.93 
P9 0.81 0.72 0.88 0.88 0.86 0.80 0.83 0.50 0.74 0.71 0.55 0.86 0.89 
P10 0.92 0.92 0.99 0.92 0.85 0.74 0.99 0.75 0.72 0.68 0.83 0.82 0.86 
P11 0.91 0.79 0.93 0.99 0.71 0.94 0.89 0.45 0.85 0.65 0.79 0.94 0.91 
P12 0.90 0.96 1.00 0.97 0.96 0.99 1.00 0.56 0.99 0.76 0.96 1.00 1.00 
P13 0.92 0.89 0.94 0.96 1.00 1.00 0.92 0.74 0.89 0.70 1.00 0.97 0.92 
P14 0.79 0.79 0.90 0.85 0.85 0.96 0.90 0.63 0.78 0.76 0.83 0.92 0.74 
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Figure 5.25 : Possible causes of head strike. 
 
Figure 5.26 : Possible causes of missing color. 
As it is shown in Figure 5.27, the most likely causes of the S3 (incorrect color or ink 
drips) are C37 (lint built-up on print head), C34 (print head failure), C32 (jet failure), 
C28 (incompatibility of ink with ink jet head).  
The S4 (banding) is one of the most encountered faults in ink jet printing. According 
to the survey results, the most likely causes of the related symptom are arisen from 
ink jet head failures such as C40 (partial jet clogging), C38 (dried ink at the nozzle), 
C41 (improper fabric feeding timing), C34 (print-head failure), C32 (jet failure). The 
possible causes of the S4 are shown in Figure 5.28.  
In Figure 5.29, the possible causes of the symptom S5 (distortion or skewing) are 
shown. These are C13 (over-stretching of the fabric during pretreatment), C44 (high 
fabric tensioning during printing), C42 (slippage during feeding), C6 (variation in 
warp/weft yarn tension), C41 (improper fabric feeding timing). 
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Figure 5.27 : Possible causes of incorrect color or ink drips. 
 
Figure 5.28 : Possible causes of banding. 
 
Figure 5.29 : Possible causes of distortion or skewing. 
S6 (bleeding or wicking of ink), as it shown in Figure 5.30. is caused most likely 
because of C33 (high ink load), C20 (low thickener concentration), C26 (wrong ink 
selection), C47 (low steaming time), C49 (low steaming temperature), and C29 
(wrong printer profile) according to the weighted averages.  
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Figure 5.30 : The possible causes of bleeding or wicking of ink. 
The most probable reasons of S7 (misaligned prints) are C35 (misalignment of print 
head), C41 (improper fabric feeding timing), C42 (slippage during feeding), C23 
(high print head – fabric distance). This is shown in Figure 5.31.  
 
Figure 5.31 : The possible causes of misaligned prints. 
According to the survey results, the symptom S8 (fabric yellowing) is caused by C56 
(long curing period), C54 (too high curing temperature), C50 (high steaming 
temperature), C48 (high steaming time). As it is shown in Figure 5.32, the causes 
having the highest weighted averages are related to the both time and temperatures 
during either steaming or curing.  
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Figure 5.32 : The possible causes of fabric yellowing. 
In Figure 5.33 and 5.34, the most possible causes of S8 (poor crock fastness) and S9 
(poor wash fastness) are shown respectively. Although the ranks of the first six 
possible causes are different, the causes are the same. This allows us to combine 
these two symptoms and evaluate as only one symptom during the construction of 
the expert system. The most likely causes for two symptoms are, C57 (short curing 
period), C55 (too low curing temperature), C47 (low steaming time), C49 (low 
steaming temperature), C58 (inadequate was-off), C59 (wrong wash-off sequence).  
 
Figure 5.33 : The possible causes of poor crock fastness. 
 
Figure 5.34 : The possible causes of poor wash fastness. 
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The symptom S11 (color intensity problems / shade variation) may be encountered 
due to the causes related to both post-treatment and equipment, such as C47 (low 
steaming time), C49 (low steaming temperature), C30 (wrong color profile of the 
image LAB, RGB…), C55 (too low curing temperature), as it is shown in Figure 
5.35.  
 
Figure 5.35 : The possible causes of color intensity problems / shade variation. 
In Figure 5.36, shown below, most of the causes of the S12 (poor sharpness) are 
related to the printer adjustments. The most likely causes of the symptom are, C23 
(high print head- fabric distance), C20 (low thickener concentration), C35 
(misalignment of print head), C33 (high ink load), C29 (wrong printer profile). 
Moreover, according to the survey results, C5 (uneven hair protrusion on yarn) and 
C12 (absence or inadequate singeing) may also result in the same symptom.  
 
Figure 5.36 : The possible causes of poor sharpness. 
The most likely causes of the last symptom S13 (local white or pale areas) is related 
to the processes during the steam fixation, hence, this symptom is expected to be 
encountered during reactive ink jet printing. According to the figure 5.37, the most 
likely causes of S13 is, C51 (location of the fabric in steamer), C49 (low steaming 
temperature), C11 (incomplete removal of process oil prior to printing), C10 
(Inadequate desizing).  
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Figure 5.37 : The possible causes of local white or pale areas. 
The survey evaluation showed that, some symptoms have common causes. For 
example, S9 (poor crock fastness) and S10 (poor wash fastness) have the same 
causes, hence at the troubleshooting stage these two symptoms may be evaluated as 
one symptom. These common causes will be considered at the construction of the 
Ink Jet Expert System. 
As a brief reminder, in the survey the experts were asked to match the symptoms and 
the causes by using one of the expressions among, most likely, likely, not sure, least 
likely, not related. 0.8, 0.6, 0.5, 0.4 and 0.0001 were assigned to each expression 
respectively and Eq. 5.3 was used to calculate the weighted averages of the causes, 
which were then sorted from highest to lowest value for each symptom. To select the 
most likely and likely causes, as the first approach arithmetic mean of the weighted 
averages was used to determine the lower boundary of the sorted causes 
(Figure5.38).  
Figure 5.38 : The selection of most likely and likely causes with arithmetic mean. 
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The selection of the most likely and likely causes is performed in two steps. The first 
step is to select the causes higher than the mean value of all causes which are 
accepted as the most likely and likely causes. In the Figure 5.38, the sorted causes of 
S2 (Missing Color) is chosen as an example. The green shaded cells in the figure 
represent the most likely and likely causes, weighted averages of which are higher 
than the mean value 0.16 of the causes of S2. The second step is to select the most 
likely causes. For this step, the same approach is applied to the causes selected in the 
first step. Hence, the causes shown in red rectangle in the figure represent the most 
likely causes, weighted averages of which are higher than the mean value, 0.33, of 
the causes shown in green shaded cells. However, due to the higher sensitivity of 
mean than median to extreme variations and excluding some causes that are potential 
reasons of the symptom, median is chosen as the limit value to select the causes for 
the second approach. As it is shown in Figure 5.39, the number of the most likely and 
likely causes are increased with application of median instead of mean. However, 
only in one symptom (S11 – Color Intensity), the number of the likely and most 
likely causes remains same.  
 
Figure 5.39 : The selection of most likely and likely causes with median. 
In figure 5.39, the green shaded cells represent the causes that are higher than 
median, 0.11, hence the most likely and the likely causes. The red rectangular region 
covers the most likely causes, which are chosen according to the median of the 
causes that are represented in green shaded cells. The median of latter is  0.28. 
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5.3 Construction of Ink Jet Expert System 
Ink jet expert system (INKJETEXPERT) was developed using an expert system shell 
CLIPS (C Language Integrated Production System) [6, 19, 15]. INKJETEXPERT 
has been designed to find the causes of main possible faults of ink jet printed cotton 
substrates. Identification and troubleshooting of ink jet printing faults is achieved by 
using a knowledge based designed for the system. The system has been constructed 
in three steps.  
Step 1 – Interfaces: The system consists of three main interfaces. The first interface 
is designed for the selection of the fabric and colorant type. The second interface 
enables the users to select the most corresponding fault or faults. The third interface 
shows the selected parameters and the possible causes of the faults under the selected 
parameters. The third interface also interacts with the user via dialog box including 
the questions for troubleshooting.  
Step 2 – Inference: The selections by the user at the first and the second interface 
assert appropriate facts, which are then evaluated by the rules forming the knowledge 
base.  
Step 3 – Diagnose: After the evaluation of the asserted facts, appropriate questions 
are asked via interactive dialog to identify the problem or problems. The system is 
constructed to solve the problems with a high responsiveness. Hence, the system 
starts with most likely causes for troubleshooting. However, if the causes of the 
faults cannot be identified, the user can have an option to start the diagnose function 
with likely causes.  Also the system is equipped with explanation facility, which 
gives explanations about the causes. In figure 5.40,  the basic structure of the system 
is illustrated. 
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Figure 5.40 : The basic structure of INKJETEXPERT. 
5.3.1 Knowledge representation of INKJETEXPERT 
In rule-based expert systems, the knowledge is stored and represented with rules. The 
rules in the knowledge base are the explanations of the actions for the system to be 
performed [15]. Similar to the rule-based systems, INKJETEXPERT has knowledge 
base, which consists of rules for troubleshooting. During the configuration of the 
system, the knowledge base is separated from interface elements for a convenient 
modification whenever it is required. A rule has two sides: an antecedent (Left-Hand 
Side LHS) and a consequent (Right-Hand Side RHS). This can be interpreted as an 
IF-THEN structure, but different from procedural programming, the rule is activated 
whenever the LHS is satisfied.  In CLIPS, the LHS of a rule is composed of the facts 
and the RHS consists of the actions to be taken [6, 19].  The general structure of a 
rule is as follows: 
IF (Conditional Elements) 
Then (Actions to be taken) 
An actual rule is given as an example to describe the structure of the rule:  
If a user selects woven as the fabric type and reactive as the colorant type in the first 
interface and missing color as the symptom in the second interface, the system starts 
the diagnose session in the third interface under the presence of three facts: woven, 
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reactive and missing color. The rule, which LHS is satisfied with these facts, is 
activated and fired to take the actions described in the RHS. In Figure 5.41, the case 
of more than one symptom selection is illustrated.  
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Missing
Color
Fly fiber
Partial jet clogging
Jet failure
Foreign fiber
Dried ink at the nozzle
Lint build-up on print-head
Print-head failure
Incompatibility of ink with ink 
jet head
Improper fabric feeding 
timing
Loss of vacuum in ink tubing
 
Figure 5.41 : Knowledge representation in INKJETEXPERT. 
5.3.2 Inference engine of INKJETEXPERT 
CLIPS employs forward chaining, which is starts with all presented data in the 
system. In addition, inference rules are employed for the extraction of more data until 
the goal is accomplished. Unlike the conventional programming languages, the flow 
of the program does not require to be defined explicitly. The execution cycle of the 
rules in CLIPS is as follows:  
a- Currently activated rule appears on top of the agenda to be fired. If there is no 
any activated rule, then execution is halted. 
b- RHS actions of the activated rule are executed.  
c- Step b may result in the activation or deactivation of some rules. Activated rules, 
whose LHS conditions are currently satisfied, are placed on the agenda. The 
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placement on the agenda is determined by the salience of the rule and the current 
conflict resolution strategy. 
d- If dynamic salience is being used, the salience values for all rules on the agenda 
are reevaluated [6,19]. 
Conflict resolution strategy is an embedded mechanism, which determines the 
execution order of the rules having equal salience. In CLIPS, there are seven conflict 
resolution strategies: depth, breadth, simplicity, complexity, lex, mea, and random. 
The default strategy is depth. It is possible to change the default strategy, however 
the breadth, simplicity, and complexity strategies are provided largely for academic 
reasons such as the study of conflict resolution strategies, the lex and mea strategies 
are provided to help in converting the programs coded in older languages to CLIPS. 
The random strategy is generally used for testing the program, whether the firing 
sequence of the rules having the same saliences affects the performance or the 
behavior of the program. Thus, only the depth strategy is explained here. 
In the depth strategy, newly activated rules are placed above all rules, which have the 
same salience. For example, rule cause1 is activated by the fact c1, and rule cause2 is 
activated by the fact c2. If the activation of rule2 is more current than rule1 by the 
assertion of the facts c1 and c2, then the rule2 will be fired first. 
On the other hand, the rules may be source of uncertainties, due to the sources that 
are used while the rules are configured. Representing the knowledge base, the rules 
are formed according to the knowledge, which is gathered from books, peer reviewed 
articles, and human experts from the related domain of the system. Thus, the 
captured knowledge may not agree each other precisely. In order to make precise 
reasoning and approximate to human reasoning, there are two possible methods 
provided in CLIPS, hence it can be used in INKJETEXPERT [6,19,104].  
The first method is Certainty Factor (CF). MYCIN, which was developed at Stanford 
University, is one of the first expert systems employed CF to cope with uncertainty. 
The value of the CF for a hypothesis ranges between [-1, 1]. If the CF approaches to 
1, then the confidence for the hypothesis increases, while CF decreases to -1, the 
confidence against the hypothesis increases. Hence, the 0 CF locates just at the center 
of the range and means no evidence for or against the hypothesis [6,110]. In CLIPS, 
the CF gets value between [0, 1].  
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The second method is salience. Salience is the number that declares the priority of a 
rule when it is activated in the case of multiple activation. The execution of the rules 
on the agenda always starts with the rule having highest priority, that is to say the 
rule having the highest salience value. The rules may have salience values range 
between -10,000 to 10,000. CLIPS assigns zero value as a default salience, unless 
different value is declared. However, zero value should not be considered as a null 
due to its neutral effect. For instance, default salience value is higher than negative 
salience, thus the rule having default salience will have high priority [19].   
An inference of a system tries to mimic the inference of a human expert and it is 
configured with this intention. In the inference of INKJETEXPERT, a different 
approach is employed related to salience values of the rules. The aim of this 
approach is to approximate the inference of the system to human inference and to 
find the most likely and the likely causes of the symptom(s) faster.  
At the survey evolution and knowledge representation stage, it was observed that, 
most of the symptoms have common causes, however the influence of the causes to 
the symptoms may vary. For example, C37 (Lint build-up on print-head) is common 
fault of S1 (head strike), S2 (missing color), S3 (incorrect color) and S4 (banding), 
but it effects the symptoms with the weighted averages of 0.48, 0.48, 0.52, and 0.41 
respectively.  In addition, in ink jet printing, there may be more than one symptom in 
the printed fabric. In this case, if there are common causes, then the total influences 
of them should be taken into consideration.  
The interface of the system is developed to allow the user to select more than one 
fault and the number of the fault selection is not limited to a certain number. In other 
words, as an extreme case, the user may select all of the faults. This feature of the 
system becomes possible by applying a new dynamic salience approach. In addition, 
this approach is adopted in order to solve the problem rapidly by starting with the 
most likely causes of all symptoms that are chosen by the user. 
In order to apply the dynamic salience approach, the knowledge base, which consists 
of rules, is separated from the codes, which structures the Windows interface. The 
rules are coded separately and saved in another file to be called when they are 
needed. The dynamic salience approach applied in this system is based on 
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summation of the weighted averages values of the causes obtained from the survey 
and can be explained as follows: 
The survey consists of 13 faults and 61 possible causes of these faults. The faults are 
presented to the user in order to be selected. Moreover, in the knowledge base, 61 
causes are defined as single rules with the salience values which are defined as 
global variables at the beginning of the diagnose module and set to default value 
zero. These rules are saved in a separate file. The structures of the rules in the 
knowledge base is,  
defrule cause1 
(declare (salience ?*salience1*)) 
(c1) 
=> 
(dialog "a question related to cause 1 will place here ")) 
 
(defrule cause2 
(declare (salience ?*salience2*)) 
(c2) 
=> 
(dialog "a question related to cause 2 will place here ")) 
. 
. 
defrule cause61 
(declare (salience ?*salience61*)) 
(c61) 
=> 
(dialog "a question related to cause 61 will place here ")). 
If a user selects S1, S2 and S3 as the symptoms, which are encountered on the 
printed fabric, then the system asserts the discrete causes shown in Tables 5.10-12 as 
the facts with related salience values, which are the hundred times of the weighted 
average values obtained from survey results.  
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Table 5.10 : The possible causes of S1 and weighted averages. 
C24 Low print head- fabric distance 0.73 
C15 Wrinkle in fabric 0.71 
C16 Concavity / Convexity of fabric (embossment, 
crepe) 
0.68 
C18 Meandered or curved fabric 0.63 
C43 Non-uniform fabric edge 0.56 
C46 Pinch rollers are not grabbing/advancing fabric 
properly 
0.53 
C5 Uneven hair protrusion on yarn 0.48 
C37 Lint build-up on print-head 0.48 
C25 Missing or misaligned edge guide 
 
0.43 
C45 Low fabric tension during printing 
 
0.36 
C2 Fly fiber 
 
0.33 
C17 Fabric wet expansion or shrinkage by ink 
 
0.31 
C3 Yarn twist variation 
 
0.21 
C19 High thickener concentration 
 
0.19 
Table 5.11 : The possible causes of S2 and weighted averages. 
 
 
 
 
 
    
 
Table 5.12 : The possible causes of S3 and weighted averages. 
C37 Lint build-up on print-head 0.52 
C34 Print-head failure 0.44 
C32 Jet failure 0.34 
C28 Incompatibility of ink with ink jet head 0.32 
C1 Foreign fiber 0.28 
C2 Fly fiber 0.28 
C38 Dried ink at the nozzle 0.28 
C27 Ink shortage 0.28 
C39 Loss of vacuum in ink tubing 0.27 
C40 Partial jet clogging 0.25 
C5 Uneven hair protrusion on yarn 0.25 
C36 Ink delivery system failure 0.25 
 
 
C2 Fly fiber 0.52 
C37 Lint build-up on print-head 0.48 
C38 Dried ink at the nozzle 0.47 
C1 Foreign fiber 0.47 
C32 Jet failure 0.43 
C40 Partial jet clogging 0.39 
C5 Uneven hair protrusion on yarn 0.39 
C11 Incomplete removal of process oil prior to printing 0.32 
C27 Ink shortage 0.31 
C39 Loss of vacuum in ink tubing 0.31 
C10 Inadequate desizing 0.29 
C18 Meandered or curved fabric 0.29 
C28 Incompatibility of ink with ink jet head 0.29 
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However, the assertion of the common causes differs from the discrete ones. In the 
case of the common causes, such as C37 for S1, S2 and S3, C1 for S2 and S3 or C2 
for S1 and S3, the causes are asserted with the summation of the salience values. The 
sample codes may be helpful to understand the inference properly: 
(if (neq ?*fact1* 0) then 
  (bind ?*salience24* (+ ?*salience24* 73)) 
  (bind ?*salience15* (+ ?*salience15* 71)) 
  (bind ?*salience16* (+ ?*salience16* 68)) 
  (bind ?*salience18* (+ ?*salience18* 63)) 
  (bind ?*salience43* (+ ?*salience43* 56)) 
  (bind ?*salience46* (+ ?*salience46* 53)) 
  (bind ?*salience5* (+ ?*salience5* 48)) 
  (bind ?*salience37* (+ ?*salience37* 48)) 
;;;;;;;;;;;;;;;;;;;;;;asserting related causes;;;;;;;;;;;;;;;;;;;;; 
  (bind ?*c24* (assert (c24))) 
  (bind ?*c15* (assert (c15))) 
  (bind ?*c16* (assert (c16))) 
  (bind ?*c18* (assert (c18))) 
  (bind ?*c43* (assert (c43))) 
  (bind ?*c46* (assert (c46))) 
  (bind ?*c5* (assert (c5))) 
  (bind ?*c37* (assert (c37)))    
) 
According to these codes, when S1 is selected, the system calls the related saliences 
and adds the related values to the saliences. According to the Table 5.10, the system 
will call the salience24 and adds 73 to its current value. As it will be noticed, the 
values are multiplied by 100 for simplicity and elimination of possible problems that 
might be faced due to decimal numbers.  
For S2 and S3, the system will run the similar codes as follow: 
(if (neq ?*fact2* 0) then 
  (bind ?*salience2* (+ ?*salience2* 52)) 
  (bind ?*salience37* (+ ?*salience37* 48)) 
  (bind ?*salience38* (+ ?*salience38* 47)) 
  (bind ?*salience1* (+ ?*salience1* 47)) 
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  (bind ?*salience32* (+ ?*salience32* 43)) 
  (bind ?*salience40* (+ ?*salience40* 39)) 
  (bind ?*salience5* (+ ?*salience5* 39)) 
;;;;;;;;;;;;;;;;;;;;;;asserting related causes;;;;;;;;;;;;;;;;;;;;; 
  (bind ?*c2* (assert (c2))) 
  (bind ?*c37* (assert (c37))) 
  (bind ?*c38* (assert (c38))) 
  (bind ?*c1* (assert (c1))) 
  (bind ?*c32* (assert (c32))) 
  (bind ?*c40* (assert (c40))) 
  (bind ?*c5* (assert (c5))) 
 ) 
 
 (if (neq ?*fact3* 0) then 
  (bind ?*salience37* (+ ?*salience37* 52)) 
  (bind ?*salience34* (+ ?*salience34* 44)) 
  (bind ?*salience32* (+ ?*salience32* 34)) 
  (bind ?*salience28* (+ ?*salience28* 32)) 
;;;;;;;;;;;;;;;;;;;;;;asserting related causes;;;;;;;;;;;;;;;;;;;;; 
  (bind ?*c37* (assert (c37))) 
  (bind ?*c34* (assert (c34))) 
  (bind ?*c32* (assert (c32))) 
  (bind ?*c28* (assert (c28))) 
 ) 
As it is noticed, there are common causes between the symptoms. These common 
causes will contribute to the resultant salience value by adding the values according 
to the survey.  The change in the salience values due to the codes above is shown in 
Table 5.13. The cause 37 is the common cause in three symptoms, so each symptom 
contributes with three different salience values and because of this, the salience of 
C37 gets the highest value and ranks as the first at the firing order as the most 
possible reason of the faults.  
On the other hand, if a user would select only S1, then the firing sequence of the 
rules would start with the rule related with 24
th
 cause, since the salience value of the 
related rule would be 73 according to the Table 5.10. 
 106 
Table 5.13 : The new values of the saliences after the evaluation. 
c37 148.00 
c5 87.00 
c32 77.00 
C24 73.00 
C15 71.00 
C16 68.00 
C18 63.00 
C43 56.00 
c46 53.00 
c2 52.00 
c38 48.00 
c1 47.00 
c34 44.00 
c40 39.00 
c28 32.00 
However, here, the problem is the user will have to answer 15 questions and the 
number of the questions increases, as the user selects more faults. In order to solve 
this problem, a modification is applied to the rules. Limiting number of the fault 
selection to a certain number would be a choice, but instead of this approach, a 
threshold salience value is defined at the beginning of the each rule. However, since 
the salience values are dynamic, the threshold values are also required to be dynamic. 
Otherwise, in the case of a constant value, it is possible to disable the rules that 
require to be fired. To select an appropriate threshold salience value, a different 
approach is adopted: 
No matter how many faults are selected, the system checks the maximum value of 
the salience according to the selection, and divides this value by 2. Then the system 
takes this value as a threshold and compares the actual salience value of the rule. If 
the actual salience of the rule is higher than threshold, then the rule is fired. This is 
applied if the user desires to solve the problem quickly with the most likely causes. 
On the other hand, if the user desires to solve the problem with more possible causes 
then threshold will be disabled and the user will answer more questions.  
The reason of taking half of the maximum salience as a threshold is to comprise the 
upper half of the common most likely causes. Also, when the user selects only one 
fault the threshold value allows all the most likely rules to be fired. With the 
modification, the rule including the code of threshold is as follow: 
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defrule cause1 
(declare (salience ?*salience1*)) 
(c1) 
(test (> ?*salience1* (/(max ?*salience1* ?*salience2* ?*salience3*………. 
?*salience61*) 2))) 
=> 
(dialog " a question related to cause 1 will place here ") 
) 
5.3.3 User interface of INKJETEXPERT 
An interface is a tool to interact between the components. This may be applicable at 
both hardware and software. In addition, an interface also refers to a communication 
tool between a user and software by means of mouse, keyboard or monitor [111].  
In INKJETEXPERT, the interface is designed to interact with the user in order to get 
required parameters, such as fabric and colorant types, and fault types. Moreover, it 
is configured to make dialogs with the user to capture more information about the 
causes. The interface is designed as simple as possible for the users. The system is 
constructed on three main interfaces. The first one allows user to choose the colorant 
and the fabric as it is shown in Figure 5. 42. 
 
Figure 5.42 :  First interface: selection of fabric and colorant types. 
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After the selection of the fabric and colorant types, start button should be pressed in 
order to pass to the following interface, which allows user to select the fault types. In 
the first interface, the system gives a notification, unless the user selects both suitable 
fabric and colorant type. Figure 5.43 illustrates the first interface with the 
notification. Figure 5.44 shows the second interface on which the user selects the 
faults. In both interfaces, the user is able to select the faults by either pressing the 
buttons or checking the checkboxes.  This interface is structured to allow the user to 
select more than one fault and the number of the fault selection is not limited to a 
certain number. In other words, as an extreme case, the user may select all of the 
faults. This feature of the system becomes possible by applying a dynamic salience 
approach.  
The third interface is designed with three list boxes to show the selected fabric and 
colorant types, selected faults and the possible causes. After the pressing the start 
button, a pop up dialog box appears to ask questions about the symptoms and 
troubleshooting session starts. According to the answers of the user, the list box of 
the possible causes is filled up automatically. The third interface is shown in Figure 
5.45. 
 
Figure 5.43 : The notification to make sure the user make the correct selection. 
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Figure 5.44 : Second interface: selection of the faults. 
 
Figure 5.45 : Third interface: troubleshooting. 
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5.3.4 Running the INKJETEXPERT 
An example is given below for a better clarification of running the system in Figure 
5.46. In two stages, user gets notifications, if no or missing selection is made. The 
system, then asserts related facts and makes evaluation of the salience in order to 
reorder the firing sequence of the rules to find the best solution of the faults selected 
by the user. 
 
Figure 5.46 : Running sequences of INKJETEXPERT. 
 
 
 111 
6.   TESTING AND EVALUATION OF INKJETEXPERT 
6.1 Testing the System 
The quality of software is determined with verification, validation, and evaluation, 
which are suggested to be the part of design and development stages. Reliability, 
usability, efficiency and testability are the main attributes of software quality. 
Among these attributes, reliability and testability are directly related to the testing 
and verification [112]. 
The definitions of validation and verification in the software engineering 
terminology are as follows:  
Validation: “The process of evaluating a system or component during or at the end of 
the development process to determine whether it satisfies specified requirements” 
[113].  
Verification: “The formal proof of program correctness” [113]. 
Validation is performed to check whether the system works as it was aimed. It is the 
determination of the correctness of the final system regarding the users need and 
requirements. In general, validation and verification are discussed together, because 
validation is achieved by verifying the stages of software, preferably during 
development stage of the system. The system is required to be tested whether it can 
be used for intended purposes [15, 114 and 115]. On the other hand, it can be 
impossible to test a system under rare events. Thus, it may be acceptable to obtain a 
degree of confidence regarding to the validation of a system. Validation of a system 
is performed with examples, which are covering the important faults [15].  
The verification is performed in order to determine the completeness and correctness 
of the requirements of a system [115]. It is suggested that the verification should be 
applied during the all development stages, in other words, the life cycle of a system, 
instead of application immediately prior to operation and maintenance, due to the 
higher costs of correction of the errors at the last stage [112]. Hence, the products of 
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each development stages are also required to be checked whether they satisfy the 
requirement and conditions of previous stages [115].  
As the final, in the evaluation stage, the system is checked whether it is worth to use 
and it is practical for end users. It is can be tested by the performance of the system 
as well as the acceptance of the potential end users of the system [112 and 115].   
6.1.1 Validation of the system 
In validation, the aim is to check the correctness of the system. For instance, whether 
the system matches the intentions of the system or not. Also, the consistency of the 
system is checked at this stage. In this study, the validation was achieved against 
faulty samples. However, since the ink jet printing systems are the product of high 
technology, to produce samples that have specific faults on purpose may not be as 
easy as in conventional screen printing. The production of faulty samples having the 
symptoms, such as head strike or missing color may damage the printer. Hence, the 
faulty samples were collected from industrial textile ink jet printing mills, where the 
faults were encountered during actual printing for textile industries. The faulty 
samples were obtained from the centers located both in Turkey and in Unites States 
of America. The samples were used to validate the correctness of the diagnoses by 
the expert system and compare these results with those given by the human experts. 
Five faulty printed fabrics were selected and introduced to experts to capture their 
opinions about the likely causes of the symptoms and to validate the knowledge 
within the knowledge base of the developed expert system. Experts were asked to 
identify the symptoms by observing each faulty sample first and then suggest the 
most likely causes related to the symptom. The experts were also shown a complete 
list of the symptoms and the list of the possible causes for modification of their 
response if they desire. Three experts were asked to participate in this stage of the 
study.  
In table 6.1, the symptom namely, color intensity problems or shade variation (S11) 
is analyzed. In the table, the description of the causes and the weighted averages are 
given. At the right column, the opinions of three experts are shown.  
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Table 6.1 : Analysis of the responses of the experts on S11. 
Color Intensity Problems or Shade Variation (S11) 
Expert System Knowledge Base Experts’ 
Opinion 
Causes Description Weighted  
Averages  
E1 E2 E3 
C49 Low steaming temperature 0.58    
C47 Low steaming time 0.56    
C30 
Wrong color profile of the image 
(LAB, RGB…) 0.51 
X   
C55 Too low curing temperature 0.46    
C10 Inadequate desizing 0.45    
C48 High steaming time 0.45    
C34 Print-head failure 0.44   X 
C9 Inadequate bleaching 0.44    
C20 Low thickener concentration 0.44    
C22 Low urea concentration 0.44    
C29 Wrong printer profile 0.43 X X  
C26 Wrong ink selection 0.41    
C57 Short curing period 0.41    
C21 High urea concentration 0.41    
C32 Jet failure 0.41   X 
C50 High steaming temperature 0.41    
In general the experts were able to identify the symptoms, however they explained 
the faults in their own words. For instance the third experts (E3) identified the S11 
directly as shade problems, whereas the other experts, E1 and E2, identified as color 
calibration problem and background problem respectively. On the other hand, when 
the symptom list was introduced to the experts, the decision of the symptom was 
consistent, which was shade variation (S11). 
Regarding the identification of the likely causes, the experts tended to diagnose the 
symptoms with few causes. For example, most of the symptoms were diagnosed with 
up to four causes by all of the experts. In Table 6.1, the causes that E3 offered were 
related with ink jet head while the other focused on software issues such as C30 
wrong color profile and C29 wrong printer profile.  
In Table 6.2, the symptom namely, banding (S4) is analyzed. 
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Table 6.2 : Analysis of the responses of the experts on S4. 
Banding (S4) 
Expert System Knowledge Base Experts’ 
Opinion 
Causes Description Weighted  
Averages  
E1 E2 E3 
C40 Partial jet clogging 0.63 X X X 
C38 Dried ink at the nozzle 0.52 X X  
C41 Improper fabric feeding timing 0.51    
C34 Print-head failure 0.51    
C32 Jet failure 0.50    
C39 Loss of vacuum in ink tubing 0.50 X   
C37 Lint build-up on print-head 0.41 X   
C42 Slippage during feeding 0.41 X   
C36 Ink delivery system failure 0.39   X 
C28 
Incompatibility of ink with ink jet 
head 0.31 
   
C45 Low fabric tension during printing 0.31    
C44 High fabric tensioning during printing 0.30    
C13 
Over-stretching of the fabric during 
pretreatment 0.29 
   
C35 Misalignment of print head 0.29    
C27 Ink shortage 0.28    
In the case of symptom banding (S4), all three experts were consistent with each 
other, as well as the knowledge base of the expert system with respect to the 
identification of the symptom. In addition, the diagnosis was also consistent with the 
knowledge base of the system, since the experts identified the fault as banding at first 
sight. However, only the E1 tended to diagnose with more causes whereas the other 
two experts chose only two causes for the diagnose of the banding (S4). For 
example, only one of the experts considered that the problem could originate from 
fabric feeding system by choosing C42 slippage during feeding. However, it is 
possible to infer, once again, that the knowledgebase of the system try to solve the 
banding (S4) problem with more causes compared to human experts.  
In Table 6.3, head strike (S1) is analyzed for the validation process. Although head 
strike is not a rare symptom in ink jet printing, it is observed that the head strike 
symptom could be confused with the symptom of ink drips (S3), which was 
suggested by E1. 
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Table 6.3 : Analysis of the responses of the experts on S1. 
Head Strike (S1) 
Expert System Knowledge Base Experts’ 
Opinion 
Causes Description Weighted  
Averages  
E1 E2 E3 
C24  Low print head- fabric distance 0.73   X 
C15 Wrinkle in fabric 0.71   X 
C16 
Concavity / Convexity of fabric 
(embossment, crepe) 0.68 
   
C18 Meandered or curved fabric 0.63   X 
C43 Non-uniform fabric edge 0.56    
C46 
Pinch rollers are not 
grabbing/advancing fabric properly 0.53 
   
C5 Uneven hair protrusion on yarn 0.48    
C37 Lint build-up on print-head 0.48    
C25 Missing or misaligned edge guide 0.43   X 
C45 Low fabric tension during printing 0.36    
C2 Fly fiber 0.33  X X 
C17 
Fabric wet expansion or shrinkage by 
ink 0.31 
   
C37 Yarn twist variation 0.21    
C35 Misalignment of print head 0.19   X 
C19 High thickener concentration 0.17    
Since E1 suggested the symptom was ink drips (S3), ink delivery system failure 
(C36) was chosen for the diagnosis of the symptom (S3). Hence, the column of E1 is 
kept blank. On the other hand, the other two experts, E2 and E3, were able to identify 
the symptom as head strike (S1) at first sight. However, the causes that they offered 
were inconsistence to each other. The E3 was consistent with the knowledgebase, but 
the cause selection of E2 matches at only one cause, which is fly fiber C2. The other 
causes that E2 suggested were printhead failure (C34), jet failure (C32), depending 
on the experiences. These results show that, individual experiences highly influences 
the decision, however the decision may be inconsistent with the general approach.  
In Table 6.4, the evaluation of the symptom of poor sharpness (S12) after the 
introduction to the experts is shown. Each expert identified the symptom by different 
names. However, two experts, E1 and E2, modified their decision on the name of the 
symptom after the introduction of the list of the symptoms. 
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Table 6.4 :  Analysis of the responses of the experts on S12. 
Poor Sharpness (S12) 
Expert System Knowledge Base Experts’ 
Opinion 
Causes Description Weighted  
Averages  
E1 E2 E3 
C23 High print head- fabric distance 0.45   X 
C20 Low thickener concentration 0.43   X 
C35 Misalignment of print head 0.40 X X  
C33 High ink load 0.31    
C29 Wrong printer profile 0.29    
C5 Uneven hair protrusion on yarn 0.27    
C34 Print-head failure 0.25    
C21 High urea concentration 0.25    
C12 Absence or inadequate singeing 0.25   X 
C9 Inadequate bleaching 0.24    
C61 
High relative atmospheric humidity of 
print house 0.23 
   
C10 Inadequate desizing 0.22    
C31 Print file type (JPEG, TIFF…) 0.20    
C22 Low urea concentration 0.20    
In Table 6.4, it is observed that, the diagnosis of the experts were consistent with 
knowledgebase of the system. However, the opinions of E3 were more detailed 
compared to E1 and E2, whereas E1 and E2 offered only misalignment of print head 
(C35) as the only reason of the poor sharpness (S12).   
In Table 6.5 below, the analysis of distortion or skewing of fabric (S5) is shown. The 
experts were able to identify the symptom and the causes, which they suggested, 
were consistent. However, in the case of consistency between the experts, the 
suggested causes were different from each other and only E2 and E3 agreed on 
meandered or curved fabric (C18) as the cause of (S5).  
In conclusion of validation of the system, it was observed that, the diagnosis of the 
experts were limited compared to the system suggestions. Also, another observation 
was the experts did not take into account some of the causes, even after the 
introduction of the cause list, due to different educational background or different 
experiences. Moreover, the consistency between the experts even in identification of 
the symptoms was low, as well as the cause suggestions. On the other hand, the 
cause suggestions of the experts were consistent with the knowledge base of the 
system. However, even the total number of the cause suggestions was smaller than 
the number of the causes, which are suggested by the system.  
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Table 6.5 : Analysis of the responses of the experts on S5. 
Distortion or Skewing (S5) 
Expert System Knowledge Base Experts’ 
Opinion 
Causes Description Weighted  
Averages  
E1 E2 E3 
C13 
Over-stretching of the fabric during 
pretreatment 0.49 
 X  
C44 High fabric tensioning during printing 0.47 X   
C42 Slippage during feeding 0.45   X 
C6 Variation in warp/weft yarn tension 0.41    
C41 Improper fabric feeding timing 0.41 X   
C7 
Variation in yarn feeding tension in 
knitting 0.37 
   
C17 
Fabric wet expansion or shrinkage by 
ink 0.35 
  X 
C46 
Pinch rollers are not 
grabbing/advancing fabric properly 0.32 
   
C45 Low fabric tension during printing 0.32    
C8 Density variation in the fabric 0.31    
C14 Inadequate relaxation of the fabric 0.29    
C3 Yarn twist variation 0.27    
C18 Meandered or curved fabric 0.27  X X 
C25 Missing or misaligned edge guide 0.25    
6.1.2 Verification of the system 
An expert system development is consist of several stages. For recalling the stages, 
they are: development of the knowledge base, the construction of the knowledge base 
with implementation of the rules and development of functions, interfaces or the 
other tools for troubleshooting by the end users. The verification of 
INKJETEXPERT was performed according to the steps given below: 
- Reviewing the code of the rules that form the knowledge base. 
- Comparison of the system output with the knowledge obtained from various 
sources 
- Checking the system for redundancy, conflict, infinite loops or deficiencies. In 
the case of these kinds of anomalies, the related code is deleted or corrected.  
- Checking system for the extreme cases or the unexpected inputs from the user.  
When knowledge is represented in production rules, inconsistencies in the 
knowledge base appear as conflicts, redundancies or subsumption. Most of the 
 118 
development tools, such as CLIPS, offer conflict resolution strategies. Conflict is the 
contradiction of two rules that are actived under the same circumstances. 
Redundancy is the activation of two distinct rules with the same situation and 
production of the same results. The latter needs to be deleted to avoid extra loads for 
the system. The conflict requires to be reviewed whether it is due to false coding or 
false representation of the knowledge. Subsumption is oncountered in the case of the 
two rules having the same conditions, but one of the rule has additional condition 
that leads the rule to be fired but the other rule stay unfired. Another criterion that is 
used for the verification of a system is codability. Codability deals with the 
convenience of the system maintenance with respect to the knowledge representation 
capability and flexibilty [15, 116] . The verification of the ink jet expert system was 
performed in each development stages., as well as the at the final program. After 
verification, the system was introduced for the evaluation of the potential en users. 
6.2 Evaluation of the System 
Evaluation of the final system was adopted from previously developed expert system 
for colaration of polyester materials [15] and performed over six criteria: Usefulness, 
User-friendliness, response time, education-training value, novelty, overall 
performance. Three experts were asked to contribute to the evaluation of the system 
regarding the six criteria by using four scales, poor, average, good and excellent.  
The answers of the experts are shown in Table 6.6.  
Table 6.6 : The results of the evalution of the system. 
  SE1 SE2 SE3 
Usefulness Good Good Good 
User- friendliness Good Good Excellent 
Response-time Excellent Good Good 
Education/Training Value Excellent Good Average 
Novelty Excellent Excellent Good 
Overall Performance  Good Good Good 
The results show that, the experts find the system highly acceptable. All of the 
experts found the system useful and user-friendly. Since the system was built bug 
and confliction free, the response time is highly acceptable as it is observed from the 
table. 
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However, for the educational / training value criterion, there is no consistency in the 
responses of the experts. One of the experts found the system is excellent for the 
educational purposes, whereas the other expert suggested the average scale for the 
same criterion.  
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7.  CONCLUSIONS 
Ink jet printing technology is the latest printing technique emerging in textile printing 
industry in all over the world. No stencil requirement, virtually unlimited numbers of 
colors, quick response to the changes in the fashion, easy fabric preparation make ink 
jet technology preferable. In addition, ink jet printers stand alone with less material 
waste during color trials, and thus they are mostly preferred for the printing of 
delicate and expensive fabrics. Since the technology is rather new compared to 
conventional printing techniques, the problems encountered during process may 
remain unsolved and it is mostly required to call a human expert or a representative 
of producer of the printer. This can be both time consuming and costly.  
In this study, we developed an expert system that is capable of troubleshooting in ink 
jet printing of cotton substrates. A comprehensive literature review was carried out in 
order to identify the most common symptoms encountered in ink jet printing of 
cotton substrates. The parameters influencing the ink jet printing were organized in a 
fish bone diagram. In addition, the symptoms and the possible causes were discussed 
with human expert by means of interviews. Thirteen symptoms and sixty-one 
possible causes are selected for the survey, which was created to capture the opinions 
of several human experts from industry or academia. The experts were asked to 
correlate each symptom with each cause by using one of, most likely, likely, not 
sure, least likely or not related. The verbal expressions then were converted into 
numeric factors of 0.8, 0.6, 0.5, 0.4 and 0.0001 respectively. For each symptom, the 
number of the answers of the experts was multiplied by the numeric factors in order 
to calculate the weighted averages of the causes’ column having sixty-one elements. 
The results of the survey were analyzed by statistical method, STRESS, in order to 
present the inter relationship of the experts by terms of confident. The most likely 
and likely causes of the symptoms were selected by statistical methods and 
implemented in the inference engine of the system. The system was designed to 
enable the user to select the symptoms without any limitation in the number. In other 
words, in an extreme case, the system enables the user to select all of the symptoms. 
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A threshold value was defined to limit the number of question to be asked at the 
diagnose stage of the system. The system asks the user to select a diagnose category 
in order to change the threshold value. However, in the case of insoluble situation, 
the user may change the selection and continue with likely causes. The system was 
provided with real pictures of the symptoms as well as the names of them in order to 
make it easier to find the most appropriate symptom(s). Also the diagnose session 
was supported with a dialog box, in which a user has options to click on, instead of 
using keyboard to enter any answers.  
As a result, the STRESS values of the survey results that shows the inter relation of 
the participants, presented low similarities between the mean values and the responds 
of the participants. This might be interpreted as, based on   their expertise, the 
approach of the each participant to the faults and the possible causes presented in the 
survey show high dissimilarities. For this reason, an expert system might be useful 
with objective suggestions for the symptoms. 
The approach, which is adopted in the development of the inference engine, showed 
good performance in asking the questions with variable orders by means of dynamic 
salience. The approach enables the inference engine to calculate new salience values 
for each rule depending on the selection of the user. After the evaluation of the 
saliences, the firing sequence of the rules starts with the most common cause of the 
selected symptoms, so that, the solution of the faults is intended to be solved quickly. 
The handicap of this approach was the numbers of the questions to be asked at 
diagnose stage. However, with the definition of a threshold value, this problem was 
eliminated.  
A dynamic threshold value was defined at the LHS of the rules, so that, if the 
calculated salience value is lower than the current threshold value, then the LHS of 
the rule is not satisfied and because of this, it cannot be fired.  The threshold value 
was defined as half of the maximum current salience value. With this definition, the 
threshold value also changes depending on the selection of the users.  
The validation of the system was performed through five faulty samples and three 
experts were asked to identify the symptom and likely causes of the related 
symptom. It is observed that the experts tended to diagnose the symptoms with few 
causes, whereas the system itself suggest more than each experts. However, the total 
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responses of the experts were consistent with the knowledge base of the system. It 
can be concluded that, the system is capable of encapsulating the knowledge of the 
more than one expert, and thus it is a practical and useful system, as well as lower 
costs compared to individual human expert. 
The verification is achieved during the life cycle of the system in order to avoid time-
consuming corrections at the last stage of the system. The conflictions, subsumptions 
and the redundancies were corrected. Hence, the system became faster.  
The results of the evaluation showed that the system was highly accepted by the 
contributors who were expert in ink jet printing. In addition, it was suggested that, 
the system might be useful in not only industrial applications but also educational 
purposes.  
7.1 Future Works 
The technologies in ink jet printing of textiles have been developed since first 
introduction to the markets. However, the most recent developments are observed in 
ink types of the printers. Especially, pigmented ink formulations are gaining more 
importance, since the fixation processes are simple compared to reactive printing. A 
researcher should also focus on the ink types as the most recent developments are 
achieved in that area. Also, the participant number should be higher to capture more 
expertise. In survey design, it might be useful to decide the appropriate evaluation 
methods prior to creation of the survey, so that, the design of the survey would be 
more accurate and easy to evaluate. The language selection for the development of 
an expert system is plays crucial role. Not only is the rule configuration important, 
but also the user interface should be easy to design and compatible with the most 
recent operating systems. CLIPS has numerous advantages, such as ability of quick 
process of rule-based systems, when it is used as an expert system shell. It is also an 
open source and has extensions of FuzzyCLIPS. On the other hand, CLIPS has weak 
features in designing an interface that could be compatible with recent operating 
systems. In addition, for an ever-developing technology such as ink jet printing, the 
expert system should be more user friendly and easy to update.  Therefore, JAVA 
and Jess may be used for developing interface and rules.  
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The ink jet printing technology has been penetrating to textile industry for decades; 
however, the technology is still leading the advertisement and promotion industries. 
Hence, it can be difficult to access to the experts who focus on textiles. In addition, 
the experts sometimes might be unwilling to share their expertise. For that reason, 
the number of the experts contributes to both survey and validation, verification and 
evaluation stages were limited. The number of the contributors may be increased for 
the further studies. 
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APPENDIX A: The converted responses of selected experts. 
Table A.1 : The converted results of Expert 1 having 10 years experience. 
  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 
C1 0.4 0.8 0.8 0.6 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C2 0.4 0.6 0.6 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C3 0.4 0.4 0.4 0.4 0.8 0.5 0.4 0.4 0.4 0.4 0.8 0.4 0.6 
C4 0.4 0.4 0.4 0.4 0.5 0.5 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C5 0.4 0.6 0.6 0.6 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C6 0.6 0.4 0.4 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.6 
C7 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.5 0.5 0.5 
C8 0.5 0.4 0.4 0.4 0.6 0.4 0.4 0.4 0.4 0.4 0.6 0.6 0.4 
C9 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.8 0.8 0.8 
C10 0.4 0.8 0.4 0.4 0.6 0.6 0.6 0.4 0.6 0.4 0.8 0.8 0.8 
C11 0.4 0.8 0.4 0.6 0.4 0.8 0.4 0.4 0.8 0.4 0.8 0.8 0.8 
C12 0.4 0.8 0.8 0.8 0.4 0.8 0.6 0.4 0.4 0.4 0.8 0.8 0.8 
C13 0.8 0.4 0.4 0.4 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.4 
C14 0.8 0.4 0.4 0.4 0.8 0.4 0.6 0.4 0.4 0.4 0.4 0.4 0.4 
C15 0.8 0.8 0.6 0.6 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.4 
C16 0.6 0.6 0.6 0.4 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.8 
C17 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
C18 0.8 0.6 0.6 0.4 0.8 0.4 0.6 0.4 0.4 0.4 0.4 0.4 0.4 
C19 0.4 0.6 0.4 0.4 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.8 0.8 
C20 0.4 0.6 0.4 0.4 0.4 0.8 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C21 0.4 0.6 0.4 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.8 0.8 0.8 
C22 0.4 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.6 0.8 0.8 0.8 0.8 
C23 0.4 0.6 0.8 0.8 0.8 0.8 0.8 0.4 0.4 0.4 0.8 0.8 0.6 
C24 0.8 0.6 0.8 0.8 0.4 0.8 0.8 0.4 0.4 0.4 0.8 0.8 0.4 
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Table A.1 (continued) : The converted results of Expert 1 having 10 years experience. 
C25 0.8 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C26 0.4 0.8 0.4 0.8 0.4 0.8 0.4 0.4 0.8 0.8 0.8 0.5 0.8 
C27 0.4 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.4 0.8 
C28 0.4 0.8 0.4 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C29 0.4 0.8 0.4 0.6 0.4 0.8 0.4 0.4 0.4 0.4 0.8 0.8 0.4 
C30 0.4 0.8 0.4 0.4 0.4 0.4 0.6 0.4 0.4 0.4 0.8 0.6 0.4 
C31 0.4 0.8 0.4 0.4 0.4 0.4 0.6 0.4 0.4 0.4 0.8 0.6 0.4 
C32 0.4 0.5 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.6 0.4 
C33 0.4 0.5 0.8 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C34 0.4 0.8 0.8 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.8 0.8 0.4 
C35 0.4 0.8 0.4 0.8 0.4 0.6 0.8 0.4 0.4 0.4 0.8 0.8 0.8 
C36 0.4 0.8 0.8 0.8 0.4 0.6 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C37 0.4 0.8 0.8 0.8 0.4 0.6 0.8 0.4 0.4 0.4 0.8 0.8 0.8 
C38 0.4 0.8 0.8 0.8 0.4 0.6 0.8 0.4 0.4 0.4 0.8 0.8 0.8 
C39 0.4 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C40 0.4 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.8 0.8 
C41 0.8 0.5 0.4 0.8 0.4 0.4 0.8 0.4 0.4 0.4 0.4 0.8 0.8 
C42 0.4 0.5 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.4 0.4 0.8 0.8 
C43 0.8 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.4 
C44 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
C45 0.4 0.4 0.8 0.4 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.8 0.4 
C46 0.8 0.8 0.8 0.4 0.8 0.4 0.8 0.4 0.4 0.4 0.4 0.8 0.4 
C47 0.4 0.8 0.4 0.4 0.8 0.8 0.4 0.0001 0.8 0.8 0.8 0.8 0.8 
C48 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.4 0.0001 0.0001 
C49 0.4 0.4 0.4 0.4 0.8 0.8 0.4 0.0001 0.4 0.8 0.8 0.8 0.8 
C50 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.4 0.0001 0.0001 
C51 0.4 0.8 0.4 0.4 0.4 0.8 0.4 0.4 0.8 0.4 0.8 0.4 0.8 
C52 0.4 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.4 0.8 0.8 0.4 0.8 
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Table A.1 (continued) : The converted results of Expert 1 having 10 years experience. 
C53 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
C54 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.8 0.8 0.4 0.8 0.4 0.4 
C55 0.4 0.8 0.4 0.4 0.4 0.8 0.4 0.4 0.4 0.8 0.8 0.4 0.6 
C56 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.8 0.4 0.4 
C57 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.8 0.8 0.4 0.4 
C58 0.4 0.6 0.4 0.4 0.4 0.8 0.4 0.8 0.8 0.4 0.8 0.4 0.4 
C59 0.4 0.6 0.4 0.4 0.4 0.8 0.4 0.4 0.8 0.4 0.8 0.4 0.4 
C60 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
C61 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.6 0.4 
Table A.2 : The converted results of Expert 4 having 8 years of experience. 
  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 
C1 0.4 0.8 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C3 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C5 0.8 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C7 0.0001 0.5 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C8 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C9 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.8 0.0001 0.0001 0.8 0.6 0.0001 
C10 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.8 0.0001 0.0001 0.8 0.6 0.0001 
C11 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C12 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C13 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C14 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C15 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
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Table A.2 (continued) : The converted results of Expert 4 having 8 years of experience. 
C16 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C17 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C18 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C19 0.4 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.8 0.8 0.8 0.8 0.0001 0.0001 
C20 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.8 0.8 0.8 0.6 0.8 
C21 0.0001 0.0001 0.0001 0.0001 0.0001 0.5 0.0001 0.5 0.8 0.8 0.5 0.5 0.5 
C22 0.0001 0.0001 0.0001 0.0001 0.0001 0.5 0.0001 0.5 0.8 0.8 0.5 0.5 0.5 
C23 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C24 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C25 0.6 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C26 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C27 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C28 0.0001 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C29 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.8 0.8 0.0001 
C30 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 
C31 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 
C32 0.0001 0.4 0.6 0.8 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 
C33 0.0001 0.0001 0.6 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C34 0.0001 0.0001 0.6 0.8 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.6 0.8 0.0001 
C35 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 
C36 0.0001 0.0001 0.6 0.8 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C37 0.8 0.0001 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C38 0.6 0.0001 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C39 0.0001 0.0001 0.8 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C40 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C41 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C42 0.8 0.0001 0.0001 0.0001 0.6 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C43 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
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Table A.2 (continued) : The converted results of Expert 4 having 8 years of experience. 
C44 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 
C45 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C46 0.4 0.0001 0.0001 0.0001 0.8 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 
C47 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.8 0.0001 0.8 
C48 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.6 0.0001 0.0001 
C49 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.8 0.0001 0.6 
C50 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.4 0.0001 0.0001 
C51 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.6 
C52 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C53 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C54 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.8 0.8 0.8 0.0001 0.0001 
C55 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.8 0.8 0.0001 0.0001 
C56 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.8 0.8 0.8 0.0001 0.0001 
C57 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.8 0.8 0.0001 0.0001 
C58 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.8 0.8 0.0001 0.0001 0.0001 
C59 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.8 0.0001 0.0001 0.0001 
C60 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.4 0.4 0.6 0.0001 
C61 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.4 0.4 0.6 0.0001 
Table A.3 : The converted results of Expert 15 having 31 years of experience. 
  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 
C1 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 
C2 0.4 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 
C3 0.4 0.4 0.0001 0.4 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.4 0.4 0.4 
C4 0.4 0.0001 0.0001 0.4 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C5 0.4 0.6 0.0001 0.4 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C6 0.6 0.0001 0.0001 0.0001 0.6 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
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Table A.3 (continued) : The converted results of Expert 15 having 31 years of experience. 
C7 0.4 0.0001 0.0001 0.4 0.6 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C8 0.0001 0.0001 0.0001 0.4 0.6 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 
C9 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.4 0.4 0.6 0.6 0.4 0.4 
C10 0.0001 0.6 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 0.0001 0.6 0.6 0.4 0.6 
C11 0.0001 0.6 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 0.0001 0.6 0.6 0.4 0.6 
C12 0.4 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.4 
C13 0.0001 0.0001 0.0001 0.4 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C14 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C15 0.8 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C16 0.6 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C17 0.0001 0.0001 0.0001 0.0001 0.6 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 
C18 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C19 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.4 0.8 0.0001 0.0001 
C20 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.6 0.8 0.0001 
C21 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.6 0.0001 0.0001 0.0001 0.6 0.6 
C22 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.6 0.6 0.6 0.4 0.0001 
C23 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 0.0001 0.4 0.4 0.0001 
C24 0.8 0.0001 0.4 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C25 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C26 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 0.8 0.8 0.8 0.6 0.0001 
C27 0.0001 0.6 0.6 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 
C28 0.4 0.6 0.8 0.6 0.0001 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C29 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 
C30 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 
C31 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 
C32 0.0001 0.8 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C33 0.0001 0.6 0.6 0.0001 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C34 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
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Table A.3 (continued) : The converted results of Expert 15 having 31 years of experience. 
C35 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 
C36 0.0001 0.6 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C37 0.0001 0.8 0.6 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C38 0.0001 0.8 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C39 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C40 0.0001 0.6 0.4 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.4 
C41 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C42 0.6 0.0001 0.0001 0.0001 0.6 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C43 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C44 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C45 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C46 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C47 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 0.6 0.6 0.8 0.4 0.0001 
C48 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.6 0.6 0.4 0.6 0.0001 0.4 
C49 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 0.6 0.6 0.6 0.6 0.8 
C50 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.6 0.6 0.6 0.0001 0.0001 
C51 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.4 0.0001 0.0001 0.0001 0.4 0.8 
C52 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 0.4 0.4 0.4 0.4 0.6 
C53 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C54 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.4 0.6 0.6 0.0001 0.0001 
C55 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.8 0.6 0.4 0.4 
C56 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.8 0.0001 0.4 0.6 0.0001 0.0001 
C57 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.8 0.0001 0.0001 0.0001 
C58 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.8 0.4 0.0001 0.0001 
C59 0.0001 0.0001 0.0001 0.0001 0.0001 0.4 0.0001 0.0001 0.6 0.8 0.6 0.0001 0.0001 
C60 0.0001 0.6 0.0001 0.4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
C61 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.0001 0.0001 0.0001 0.0001 0.0001 0.6 0.6 
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APPENDIX B : The weighted averages of the symptoms.   
Table B.1 : The weighted averages of the symptoms. 
  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 
C1 0.14 0.46 0.30 0.19 0.06 0.06 0.03 0.03 0.03 0.03 0.34 0.06 0.17 
C2 0.33 0.51 0.30 0.19 0.03 0.09 0.00 0.00 0.00 0.00 0.09 0.03 0.09 
C3 0.19 0.11 0.12 0.09 0.29 0.12 0.06 0.03 0.09 0.06 0.11 0.03 0.08 
C4 0.14 0.17 0.09 0.16 0.15 0.06 0.03 0.03 0.10 0.03 0.16 0.18 0.06 
C5 0.49 0.37 0.27 0.21 0.03 0.10 0.03 0.03 0.14 0.06 0.13 0.29 0.14 
C6 0.11 0.07 0.03 0.16 0.40 0.03 0.06 0.03 0.03 0.03 0.06 0.06 0.04 
C7 0.14 0.11 0.04 0.17 0.35 0.06 0.03 0.03 0.07 0.03 0.19 0.09 0.04 
C8 0.15 0.06 0.06 0.13 0.29 0.06 0.06 0.03 0.03 0.03 0.26 0.07 0.06 
C9 0.03 0.14 0.09 0.10 0.03 0.09 0.03 0.28 0.13 0.11 0.44 0.23 0.06 
C10 0.06 0.27 0.03 0.09 0.04 0.18 0.04 0.25 0.26 0.24 0.45 0.21 0.31 
C11 0.03 0.30 0.13 0.04 0.03 0.16 0.03 0.19 0.19 0.21 0.38 0.16 0.31 
C12 0.14 0.27 0.20 0.16 0.06 0.15 0.08 0.10 0.19 0.24 0.16 0.22 0.27 
C13 0.06 0.03 0.03 0.29 0.47 0.11 0.22 0.03 0.03 0.03 0.11 0.17 0.07 
C14 0.11 0.03 0.06 0.17 0.26 0.10 0.11 0.06 0.06 0.06 0.16 0.14 0.06 
C15 0.70 0.30 0.14 0.13 0.20 0.10 0.31 0.03 0.03 0.03 0.07 0.10 0.17 
C16 0.69 0.21 0.13 0.15 0.21 0.10 0.26 0.03 0.03 0.03 0.07 0.13 0.10 
C17 0.33 0.03 0.06 0.21 0.34 0.14 0.17 0.03 0.03 0.03 0.10 0.16 0.12 
C18 0.67 0.31 0.12 0.16 0.23 0.06 0.16 0.03 0.03 0.03 0.07 0.09 0.09 
C19 0.18 0.14 0.06 0.06 0.12 0.22 0.06 0.24 0.19 0.19 0.36 0.13 0.14 
C20 0.09 0.11 0.11 0.06 0.06 0.46 0.06 0.10 0.21 0.33 0.44 0.40 0.22 
C21 0.06 0.08 0.06 0.06 0.06 0.19 0.06 0.31 0.22 0.19 0.41 0.23 0.16 
C22 0.06 0.06 0.06 0.06 0.06 0.21 0.06 0.21 0.21 0.29 0.44 0.19 0.16 
C23 0.06 0.09 0.09 0.14 0.11 0.16 0.30 0.03 0.03 0.03 0.21 0.46 0.04 
C24 0.73 0.10 0.21 0.20 0.03 0.17 0.16 0.03 0.03 0.03 0.11 0.13 0.03 
C25 0.46 0.06 0.09 0.16 0.21 0.03 0.17 0.03 0.03 0.03 0.06 0.14 0.06 
C26 0.03 0.14 0.13 0.06 0.03 0.33 0.09 0.03 0.36 0.46 0.41 0.11 0.13 
C27 0.03 0.29 0.26 0.24 0.03 0.03 0.07 0.03 0.06 0.13 0.36 0.07 0.10 
C28 0.03 0.27 0.29 0.29 0.03 0.17 0.09 0.03 0.06 0.06 0.27 0.09 0.09 
C29 0.03 0.09 0.06 0.10 0.07 0.31 0.09 0.03 0.03 0.06 0.43 0.31 0.03 
C30 0.03 0.09 0.16 0.09 0.03 0.11 0.04 0.03 0.03 0.03 0.51 0.16 0.03 
C31 0.03 0.06 0.03 0.03 0.09 0.03 0.04 0.03 0.03 0.03 0.35 0.21 0.03 
C32 0.06 0.40 0.36 0.49 0.06 0.31 0.11 0.06 0.06 0.06 0.41 0.16 0.06 
C33 0.07 0.09 0.13 0.07 0.07 0.57 0.07 0.03 0.14 0.13 0.24 0.33 0.06 
C34 0.03 0.26 0.47 0.54 0.11 0.29 0.24 0.03 0.03 0.03 0.44 0.27 0.03 
C35 0.17 0.06 0.10 0.31 0.13 0.09 0.44 0.03 0.03 0.03 0.10 0.40 0.06 
C36 0.03 0.20 0.27 0.36 0.03 0.19 0.03 0.03 0.03 0.03 0.39 0.12 0.11 
C37 0.51 0.46 0.51 0.40 0.06 0.11 0.09 0.03 0.03 0.03 0.14 0.11 0.10 
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Table B.1 (continued) : The weighted averages of the symptoms. 
C38 0.07 0.44 0.27 0.56 0.03 0.04 0.06 0.03 0.03 0.03 0.30 0.09 0.10 
C39 0.03 0.33 0.29 0.54 0.03 0.07 0.03 0.03 0.03 0.03 0.36 0.09 0.10 
C40 0.03 0.37 0.24 0.63 0.06 0.03 0.03 0.03 0.03 0.03 0.31 0.06 0.10 
C41 0.10 0.09 0.03 0.54 0.38 0.06 0.43 0.03 0.03 0.03 0.10 0.17 0.09 
C42 0.13 0.12 0.06 0.44 0.44 0.10 0.36 0.03 0.03 0.03 0.09 0.20 0.09 
C43 0.60 0.11 0.03 0.09 0.10 0.03 0.03 0.03 0.03 0.03 0.03 0.10 0.03 
C44 0.13 0.03 0.03 0.32 0.50 0.06 0.21 0.03 0.03 0.03 0.06 0.13 0.03 
C45 0.34 0.03 0.06 0.33 0.34 0.03 0.29 0.03 0.03 0.03 0.03 0.17 0.03 
C46 0.52 0.11 0.10 0.19 0.34 0.03 0.29 0.03 0.03 0.03 0.03 0.17 0.03 
C47 0.06 0.09 0.06 0.09 0.09 0.29 0.06 0.16 0.56 0.64 0.56 0.18 0.24 
C48 0.04 0.04 0.04 0.04 0.04 0.12 0.04 0.54 0.19 0.15 0.45 0.04 0.14 
C49 0.06 0.06 0.06 0.09 0.09 0.29 0.06 0.14 0.53 0.64 0.58 0.12 0.35 
C50 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.55 0.14 0.15 0.41 0.04 0.04 
C51 0.10 0.13 0.10 0.10 0.10 0.20 0.10 0.23 0.22 0.21 0.26 0.14 0.44 
C52 0.10 0.10 0.10 0.10 0.10 0.16 0.10 0.14 0.14 0.27 0.17 0.10 0.20 
C53 0.10 0.10 0.10 0.10 0.10 0.14 0.10 0.14 0.14 0.14 0.14 0.10 0.19 
C54 0.03 0.03 0.03 0.03 0.10 0.03 0.03 0.77 0.21 0.12 0.36 0.03 0.03 
C55 0.03 0.06 0.03 0.06 0.03 0.20 0.03 0.03 0.66 0.73 0.46 0.06 0.09 
C56 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.79 0.18 0.16 0.30 0.03 0.03 
C57 0.03 0.03 0.03 0.06 0.03 0.11 0.03 0.03 0.67 0.70 0.41 0.06 0.09 
C58 0.06 0.08 0.06 0.11 0.06 0.26 0.06 0.18 0.52 0.49 0.39 0.11 0.16 
C59 0.06 0.08 0.06 0.06 0.06 0.26 0.06 0.14 0.49 0.57 0.35 0.15 0.16 
C60 0.06 0.15 0.09 0.14 0.10 0.09 0.12 0.11 0.09 0.09 0.09 0.16 0.06 
C61 0.06 0.17 0.09 0.11 0.06 0.22 0.06 0.06 0.09 0.09 0.18 0.21 0.14 
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